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 Organic electronics are useful alternatives to traditional silicon technology. However, 
charge conduction in organic semiconductors, in particular intramolecular conduction along 
polymer chains, is not well understood. Here, conjugated polymer brushes are introduced as a 
platform for studying intramolecular charge transport in organic semiconductors. The initiation, 
morphology, structure, and electrical properties of poly(3-methylthiophene) conjugated polymer 
brush films grown up to 100 nm thick are characterized. The first step of polymer brush growth 
is initiation of an aryl halide monolayer film by a Ni or Pd catalyst. The structure and grafting 
density produced during monolayer initiation was found to depend on the metal center in the 
catalyst, catalyst ligands, and monolayer structure. The highest grafting density during initiation, 
2.6 nm-2, was obtained by initiation with a Pd catalyst that had very small ligands, allowing the 
catalyst to pack more densely on the monolayer film surface. Conjugated polymer brushes grown 
from initiated monolayers formed round column surface features with an average cross-sectional 
area (2.3 × 10-3 µm2) and density (200 µm-2) that was independent of film thickness. The average 
orientation of polymer chains in the conjugated polymer brush films was nominally isotropic at 
thicknesses < 10 nm and > 30 nm, with mild vertical orientation in between. The volume density 
of the conjugated polymer brushes remained constant throughout growth at 3.6 monomers/nm3 , 
identical to spuncast poly(3-hexylthiophene) films. 
iv 
 Analysis of the contact between printed Au electrodes and the polymer brush film 
showed that a small fraction of the film surface (i.e., the tallest columns) makes contact with the 
electrodes. The measured bulk resistivity along the columns was 1.4 × 105 Ω·cm, 2 orders of 
magnitude lower than typical values for spuncast poly(3-hexylthiophene). The resistance in the 
conjugated polymer brush films along individual polymer chains was 360 GΩ/nm per molecule, 
comparable to molecular wires that exhibit charge transport by intramolecular processes. The 
enhanced conduction is likely due to additional intramolecular transport pathways enabled by the 
electrode-polymer brush-electrode device architecture. These results establish conjugated 
polymer brushes as a platform for studying the interplay between synthesis, morphology, and 
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CHAPTER 1: INTRODUCTION 
1.1 Background and basics of organic electronics 
Organic electronics – electrically conductive or semiconducting materials composed 
primarily of carbon, as opposed to silicon electronics – make up a billion dollar industry, 
growing quickly in value from $16.5 billion in 2014 to an expected $75.8 billion in 2020.1 
Organic electronics date back to 1976, when conductive polymers were discovered in the form of 
doped poly(acetylene) (Figure 1.1a).2 Poly(acetylene) and other organic semiconductors (OSCs) 
are made up of conjugated or aromatic molecules with a discrete chemical structure (i.e., small 
molecules) or repeating units (i.e., polymers) (Figure 1.1b).3 In the case of polymers, long alkyl 
chain substituents are typically incorporated to retain solution processability (e.g., the hexyl 
sidechains in poly(phenylene and poly(thiophene) in Figure 1.1b). These π-conjugated systems 
are made up of linear combinations of the atoms’ pz orbitals, orthogonal to the σ-bonds that hold 
the atoms of the molecules together. Crucially, the electron density of conjugated systems is 
delocalized, giving rise to occupied π- and unoccupied π*- bands responsible for charge transport 
along or between molecules, which are separated by an energetic bandgap (Figure 1.1c). 
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Figure 1.1. Characteristics of organic semiconductors. (a) Conductivity of trans-poly(acetylene) 
as a function of AsF5 dopant concentration. Structure of trans- and cis-poly(acetylene) are shown 
in the inset. (b) Chemical structures of molecules and monomers commonly used in organic 
electronics. (c) Schematic band diagram of π-conjugated systems. Reprinted with permission.2 
Copyright 1977 American Physical Society. 
 
Today, after decades of research in organic electronics, displays using organic light-
emitting devices are the most commercially successful technology in organic electronics,4,5 but 
high efficiency transistors,6,7 solar cells,8–10 and spintronics11–13 made from carbon have also seen 
rapid research and commercial development in recent years. The organic materials used in these 
technologies are appealing for a number of reasons, in particular their solution processability, 
which enables easy and versatile incorporation into electronic devices. Organic electronics are 
also low-cost and have highly tailorable chemical structures and properties, such as inherent 
flexibilty.3,4 
 Organic electronics (here used interchangeably with OSCs) face a number of challenges, 
including their instability and disorder, which can limit the electronic delocalization necessary to 
transport charge. In particular, the charge carrier mobility, µ, in organic electronics (typically 10-
5 – 10-3, but up to ~ 1 cm2/V·s) is much lower than in inorganic counterparts (100 - 104 cm2/V·s) 
due to higher disorder in organic electronic materials compared to inorganic electronics.4,14 This 
3 
disorder, due to the typically low crystallinity and many structural degrees of freedom in OSCs, 
limits the use of organic electronics in many applications. 
The charge carrier mobility mentioned above is the most common metric of charge 
transport efficiency in electronics. Mobility is the drift velocity of carriers divided by the electric 




= 𝑒(𝑛µ𝑒 + 𝑝µℎ)     (1.1) 
where ρ is the resistivity of the material, e is the elementary charge, n and p are the respective 
concentrations of electrons and holes in the material, and µe and µh are the respective electron 
and hole charge carrier mobilities in the material. Thus, the conductivity in OSCs is proportional 
to charge carrier mobility, while resistivity is inversely proportional to charge carrier mobility. 
The intrinsic charge carrier concentration in OSCs is also very low due to very weak 
intermolecular coupling.15 As a result, operation of OSC devices requires injection of extrinsic 
charge carriers into the organic material. 
Because of the low µ in organic electronics, there is a significant research effort to 
understand the underlying charge transport mechanisms and how they relate to the morphology, 
disorder, and structure of OSCs. These relationships can then be used to design organic 
electronics with higher mobility. 
1.2 Intramolecular and intermolecular charge transport 
Charge transport in OSCs is a combination of band-like transport along electronically 
delocalized sections and hopping between these sections.16 These processes can occur via two 
pathways: through π-stacks formed by the attractive interactions between conjugated molecules 
(i.e., intermolecular transport) and along individual conjugated molecular chains (i.e., 
intramolecular transport) (Figure 1.2).17–19  
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Figure 1.2. Charge transport pathways in organic semiconductors. Charge carriers can move 
along polymer chains via intramolecular transport (red arrows) or between polymer chains via 
intermolecular transport (black arrows). 
 
The mobility of intramolecular charge transport is expected to be much higher than that of the 
intermolecular counterpart, as shown in various experimental and theoretical reports.20–25 Using 
pulse radiolysis, highly ordered, single polymer chains were found to possess intrinsic 
intramolecular mobilities of 50 – 600 cm2/V·s, while the intermolecular mobility of the same 
polymer was only 4 × 10-3 cm2/V·s. 
 Disorder in organic semiconductors also plays a huge role in determining carrier 
mobility.21 The conjugated units that make up the repeat units in conductive polymers are 
connected by formally single bonds, which have some freedom and entropic drive to twist away 
from planar. More twisting, or torsion, reduces the delocalization and conjugation length along 
the polymer backbone, reducing carrier mobility. Polymer chains also coil, wind, and turn away 
from the ideal linear, 1-dimensional wire. In this case, charge transport along the direction of the 




Figure 1.3. Effect of disorder and intermolecular transport on charge carrier mobility. (a) Charge 
carriers have much higher mobility in a completely planar, linear single polymer than (b) a 
polymer chain with torsion and coiling. (c) Charge carriers have further lowered mobility when 
moving between multiple polymer chains that each have disorder from torsion and coiling. 
Reprinted with permission.20 Copyright 2011 American Chemical Society. 
 
Thus, it is a widely accepted notion and practice that intramolecular transport and order should 
be enhanced in order to produce high efficiency OSC devices. Unfortunately, major obstacles 
continue to limit our understanding of intramolecular processes in OSCs, especially in devices. 
1.2.1 Bulk organic semiconductor films 
The bulk properties of charge transport OSC devices have been studied widely for 
decades.3,17,26 Bulk OSC devices contain organic layers ~ 100s of nm thick (but as thin as 10s of 
nm, and as thick as several µm) sandwiched between two metallic electrodes. The organic 
material may be deposited by spincasting, drop casting, thermal evaporation (in the case of small 
molecules), among other methods.  
The most commonly studied charge transport mechanism through bulk OSC devices is 
the space-charge limited current (SCLC) mechanism.15 SCLC represents the highest current 
6 
sustainable in a bulk OSC. A key requirement of the SCLC regime is Ohmic contact between the 
electrode and semiconductor, i.e., a negligible energetic injection barrier for charges to move 
from the electrode into the semiconductor. The spatial distribution of the electric field, E also 
follows E ∝ x0.5, where x is the distance from the injecting electrode. Under these conditions, the 
SCLC for unipolar transport (i.e., only holes or electrons) in a material without intrinsic carriers 
or trap states is given by the Mott-Gurney law, 






 ,     (1.2) 
where ε0 and ε are the permittivity of a vacuum and relative permittivity of the solid, V is the 
applied voltage, d is the thickness of the film, and current density J relates to conductivity by  
𝐽 =  𝜎𝐸.      (1.3) 
There are modifications of the Mott-Gurney law for field dependent mobility and trap-
assisted transport, as well as other, less studied charge transport mechanisms, such as injection-
limited current (ILC) and quasi-Ohmic transport.27 Unlike the SCLC mechanism of charge 
transport, ILC features non-Ohmic contact (i.e., a significant injection barrier) between the 
electrode and semiconductor. Thus, the energy level alignment between the electrodes and OSC 
plays an important role in interpreting charge transport through the device. 
Regardless of the charge transport mechanism, individual polymer chains do not contact 
both electrodes in bulk OSC devices. This is due to the typically large device thickness (> 100 
nm) and sources of disorder mentioned above. Therefore, intermolecular and intramolecular 
conduction processes are necessarily convoluted in these devices (Figure 1.4). 
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Figure 1.4. Representation of charge transport pathways (yellow arrows) in bulk organic 
semiconductor films. Charge carriers move quickly through individual chains (blue lines), and 
more slowly within aggregates, sections of polymer chains associated by attraction between π-
stacks. Reprinted with permission.28 Copyright 2016 American Chemical Society. 
 
Several techniques have been developed to improve chain alignment in bulk films, with the 
intent to enhance intramolecular transport and increase µ. These include nanopatterning,24 strain-
induced alignment,23 and end-group fluorination (Figure 1.5).29,30 These strategies have led to 
varying enhancements in charge mobility,  but they do not directly measure conduction along 
individual molecules due to convolution with intermolecular transport. 
 
Figure 1.5. Techniques to increase polymer chain alignment in poly(3-alkylthiophene)s (P3ATs) 
(and corresponding mobility enhancements): (a) nanopatterning with a polydimethylsiloxane 
(PDMS) stamp (10-4 to 3.1 cm2/V·s). White scale bar is 10 µm; (b) strain-alignment of the 
polymer film cast onto a PDMS stamp (0.05 to 0.1 cm2/V·s); and (c) fluorination of the polymer 
endgroup to induce vertical alignment of polymer chains normal to the substrate (4.2 × 10-5 to 
1.6 × 10-3 cm2/V·s). Reprinted with permission.23,24,29 Copyright 2011, 2016 WILEY‐VCH 
Verlag GmbH & Co. KGaA, Weinheim. Copyright 2013 American Chemical Society. 
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1.2.2 Molecular electronics 
The goal of molecular electronics is to study charge transport through individual or a 
small ensemble of molecules, addressing needs for miniaturization in electronics down to < 10 
nm-size molecular junctions.31 The fabrication of molecular junctions has been explored 
thoroughly, with the simplest junctions composed of self-assembled monolayers (SAMs).32–34  In 
this nanoscale regime, mechanisms for charge transport are different from bulk charge transport. 
Charge transport through junctions with molecular wires less than ~ 4 nm is predominantly 
tunneling, where charge does not ever reside in the bridging molecule.34 The resistance, R, of a 
tunneling junction is given by 
𝑅 = 𝑅0𝑒
𝛽𝐿       (1.4) 
where R0 is the effective contact resistance, L is the molecular length, and β is a structure-
dependent tunneling attenuation factor.  
 Charge transport through longer molecular wires follows a hopping mechanism (which 
falls under the ILC regime), with a resistance given by 
𝑅 =  𝑅0 +  𝛼∞𝐿𝑒
𝐸𝑎
𝑘𝑇⁄      (1.5) 
where α∞ is a molecule-specific parameter, k is the Boltzmann constant, T is temperature, and Ea 
is the activation energy required to reach the transition state for electron transfer in the molecular 
wire. For a given molecular wire, a typical experiment is to measure R as a function of wire 
length L, thus extracting the molecule-specific parameters and transition length for tunneling to 
hopping (Figure 1.6).35–39 Using this experiment, charge transport through a huge variety of 
conjugated and non-conjugated molecular wires has been characterized. These efforts revealed 
the transition from tunneling (exponential length dependence) to hopping (linear length 
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dependence) transport around 4 nm for conjugated molecular wires, which usually exhibit β = 1 
– 3 nm-1.34  
 
Figure 1.6. Characteristics of oligophenyleneimine (OPI) molecular wires. (a) Chemical 
structure. (b) Length- and (c) temperature-dependent resistance. Reprinted with permission.35 
Copyright 2008 American Association for the Advancement of Science. 
 
These efforts have thoroughly characterized charge transport along individual molecular 
or oligomers of short lengths, before torsion, coiling, or significant intermolecular interactions 
become significant. Covalent linkage of these wires to one or both electrodes enables the 
characterization of intramolecular transport through individual and small groups of molecules. 
However, this strategy is not scalable to longer molecular lengths, due to synthetic (rigorous 
stepwise chemistry) and technical (low or negligible current) limitations. The vast majority of 
these studies characterize wires < 10 nm long, and none longer than ~ 20 nm.40 Therefore, 
intramolecular charge transport characteristics in wires > 20 nm long are largely unknown. This 
includes charge carrier mobility, which makes an insignificant contribution to transport over 
short lengths (less than ~ 20 nm), while playing a larger role over longer lengths. 
1.3 Polymer brushes 
Polymer brushes are an unexplored platform for studying intramolecular charge transport 
phenomena that combine properties of bulk OSCs and molecular electronics. 
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1.3.1 Definitions  
Polymer brushes are defined as thin polymer films in which the chains are tethered by 
one end to a substrate. They represent a rich field, with wide applications as functional interface 
modifiers and surface coatings in biomaterials, batteries, catalysis, microfluidics, and even 
organic electronics.41,42 Polymer brushes are typically prepared by “grafting to” or “grafting 
from” the substrate, or a combination of the two (“grafting through”) (Figure 1.7). Polymer 
brushes grafted to the substrate are synthesized, then linked to the substrate via a functional 
endgroup. Polymers grafted from the substrate are grown from active sites, or seeds, on the 
substrate. The grafting to strategy is experimentally more straightforward than the grafting from 
method and can be used to produce relatively monodisperse polymer chain lengths. On the other 
hand, grafting from the substrate allows for a higher density of polymers linked to the substrate 
compared to brushes grafted to the substrate.43 
 
Figure 1.7. Grafting strategies for preparing polymer brushes. Reprinted with permission.44 
Copyright 2011 The Royal Society of Chemistry. 
 
 Many models have been developed to describe the various conformations of polymers 
and polymer brushes, especially those utilizing simulations.42,43,45 Alexander and de Gennes 
pioneered early models of polymer brushes, in which the entropic penalty of stretching “blobs” 
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along the polymer chains is balanced by the steric interaction, or excluded volume interactions, 
between the chains.46,47 The density of polymer chains attached to the substrate, called grafting 
density, plays a key role in determining the conformation, morphology, shape, and orientation of 
the polymer brush.48–52 In general the height h of the polymer brush film scales with grafting 
density σ according to 
ℎ ~ 𝑁𝜎𝜈      (1.6) 
where N is the number of repeat units and ν is the scaling factor (Figure 1.8a). At low grafting 
densities, polymer brushes tend to adopt a “mushroom” or “pancake” shape, adhering closely to 
the substrate surface (ν = 0) (Figure 1.8b) .53 Polymer brushes with high grafting densities adopt 
a more extended, vertically oriented conformation (“semidilute” and “concentrated brush” 
regimes, ν ≥ 1/3) (Figure 1.8c). Notably, none of the models developed to describe polymer 
brush conformations have been applied to conjugated polymer brushes, likely due to the strong, 
attractive π-π interactions between conjugated polymer chains. 
 
Figure 1.8. Change in polymer brush film thickness (H) with increasing grafting density. (a) 
Change in brush height measured by atomic force microscopy and corresponding scaling factors 
across mushroom and brush regimes. (b) Mushroom regime and (c) brush regime viewed from 
AFM images of polymer brush films composed of the same molecular weight polystyrene. 
Reprinted with permission.48,49 Copyright 2003 and 2004 American Chemical Society. 
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1.3.2 Potential for enhanced intramolecular transport 
Like the wires studied in the field of molecular electronics, polymer brushes are tethered 
by one end to the substrate. In principle, polymer brushes incorporated into a trilayer device will 
make contact with both the top and bottom electrodes, enabling completely intramolecular 
charge transport along the device (Figure 1.9). To be electrically conductive, conjugated 
polymer brushes (CPBs) must be used as an OSC in the device. Structural (i.e., winding) 
disorder along the polymer chains in these devices is expected to decrease with increasing 
vertical orientation, which in turn is expected to enhance the charge carrier mobility of 
intramolecular charge transport. Thus, CPBs may be used to study intramolecular transport 
phenomena and their relationship with disorder in OSCs. 
 
Figure 1.9. Charges in a trilayer, conjugated polymer brush device may travel along individual 
polymer chains to reach either electrode. 
 
1.4 Conjugated Polymer Brushes 
1.4.1 Synthesis 
CPBs are typically grafted from substrates by surface-initiated catalyst transfer 
polycondensation (CTP), following a living, chain-growth mechanism. Chain-growth 
polymerization follows three main steps: initiation, propagation, and termination.54 Propagation 
(i.e., polymerization) in the chain-growth mechanism only occurs at sites that have been 
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initiated. This is in contrast to step growth, in which any species in the matrix, i.e., monomers, 
dimers, oligomers, etc., may combine without initiation. In CPB synthesis with chain-growth 
polymerization, termination is especially undesirable, as it may lead to proliferation of active 
chains in solution instead of on the substrate surface, and a greater dispersity in polymer brush 
chain lengths. To reduce chain termination, living (or pseudo-living) polymerization of CPBs is 
desirable, in which propagating polymer chains do not terminate. CTP meets these requirements, 
in which the catalyst remains associated with the propagating chain during growth.55,56  
The catalytic cycle of CTP is shown in Figure 1.10, using polymerization of poly(3-
hexylthiophene) (P3HT) with a Ni catalyst as an example. In the first step, the Ni0 catalyst is 
inserted into the aryl-halide bond of the chain end via oxidative insertion, producing a NiII 
complex. Transmetallation of the Grignard 3-hexylthiophene monomer releases Mg2+ as a mixed 
salt and connects the monomer to the chain end via a Ni-aryl bond. Reductive elimination of the 
NiII catalyst results in carbon-carbon bond formation and addition of the new monomer to the 
chain end. Crucially, after this last step, the Ni0 catalyst remains associated with the π-conjugated 
system at the chain end.56 Thus, the same catalyst is ideally responsible for the entirety of the 
polymerization along the particular propagating chain it has initiated. 
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Figure 1.10. Proposed mechanism of catalyst transfer polycondensation. 
 
Surface-initiated Kumada catalyst transfer polycondensation (SI-KCTP) is a widely 
studied method that grows surface-bound CPB films via CTP (Scheme 1.1).56–63 Aryl 
halogenated ML “seeds” grown on the substrate surface (called pristine ML seeds here)  are 
initiated by a Ni or Pd catalyst (Pd shown as an example in Scheme 1.1). The catalyst initiates 
some of the pristine ML seeds, producing initiated ML seeds. This first step is investigated in 
Chapter 2. Then the monomer is added to begin polymerization from the initiated ML seeds, 
producing conjugated polymer brushes grafted from the substrate surface (studied in Chapters 3 
and 4). Using this method, CPBs composed of regioregular P3ATs, polythiophene, polyfluorene, 
and polyphenylene have been grown on substrates such as silicon dioxide and indium tin oxide 
(ITO) using Ni and Pd catalysts.  
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Scheme 1.1. Surface-initiated Kumada catalyst transfer polycondensation of poly(3-
methylthiophene) from a monolayer-modified indium tin oxide surface. 
 
 
1.4.2 Basic properties and applications 
The regioregular poly(3-methylthiophene) (P3MT) CPB films grown by SI-KCTP on 
ITO are of particular interest.61–63 A wide range of film thicknesses have been reported, from 30 
nm to over 200 nm, enabling the characterization of thickness-dependent properties. For 
example, P3MT CPB films have increasing absorbance with film thickness, with a shifting 
maximum (λmax) indicative of a change in interaction (aggregation) between polymer chains. The 
P3MT CPB films also display some vertical anisotropy and orientation which may be due to a 
sufficiently high grafting density to cause steric interactions between polymer chains. The 
vertical orientation was maximized when using a Pd catalyst instead of a Ni catalyst and was 
proposed to be the result pf an increased grafting density using Pd (0.5 nm-2 with a Ni catalyst 
compared to 1.1 nm-2 with a Pd catalyst).63 Because the P3MT CPB films were grown on ITO, 
they could also be easily incorporated into a trilayer device using ITO as the bottom electrode.   
Conventionally deposited (i.e., spuncast), presynthesized conjugated polymer films 
composed of the same molecular weight distribution are ideally used as a comparison to CPB 
films. However, due to the insolubility of P3MT greater than four repeat units long, the polymer 
cannot be spuncast. Poly(3-hexylthiophene) (P3HT) is one of the most widely studied conjugated 
polymers, and because of its solubility can be spuncast into a film. However, the hexyl sidechain 
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is too bulky to allow for a dense CPB film to grow – leading to the selection of 3-
methylthiophene as the monomer in P3AT CPB films.58 Because of these incompatibilities, the 
closest approximation to regioregular P3MT CPB films is spuncast, regioregular P3HT films. In 
various applications, including thermoelectronics,64 spintronics,65 and solar cells,66 P3MT CPB 
films outperform spuncast analogs, e.g., CPB films have greater thermal conductivity than 
spuncast polymer films. These reports propose that greater vertical orientation in the CPB films 
compared to spuncast films enhances thermal conductivity (or the property of interest) due to 
increased vertical transport along polymer chains instead of between polymer chains compared 
to spuncast films. 
1.4.2 Unknown properties 
 Despite the use of CPB films in a number of applications, their basic material properties 
remain largely unknown. Initiation of pristine aryl halide ML seeds by a Ni or Pd catalyst is 
assumed to produce the same structure as initiation of aryl halides in solution, yet the initiated 
ML structure has hardly been directly characterized.67 The effect of different catalysts and ML 
structures on the initiated structure has never been studied, e.g., Pd(PtBu3)2 is the only Pd catalyst 
to have been used to initiated aryl halide ML seeds.63 Morphological and structural 
characteristics of CPB films, such as surface topography, aggregation, orientation, crystallinity, 
and density have not been rigorously characterized, their thickness dependence has not been 
studied, nor have any models been developed to predict them. The molecular weight and 
polydispersity of CPB films are usually unknown due to the insolubility of the polymer, e.g., 
P3MT. These characteristics all affect charge transport through polymer films.  
Moreover, despite reports claiming that the increased vertical orientation in CPB films 
compared to spuncast films results in enhancements of spin and thermal transport, the only 
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previous reports incorporating fully conjugated polymer brush films into devices for 
investigating charge transport stem directly from the research described herein.68,69 Especially 
lacking is the thickness dependence of all of these morphological, structural, and electrical 
characteristics. Understanding these properties is essential to realizing the potential of CPB films 
as a platform to study intramolecular charge transport in OSCs and using CPB films in existing 
and new applications. 
1.5 Research Summary 
Here, the characteristics of initiation, structure, morphology, and charge transport in CPB 
films are rigorously investigated. XPS analysis is used to characterize the initiation of pristine 
ML seeds by different catalysts and their resulting grafting densities. CPB films of various 
thicknesses are characterized by a variety of spectroscopic and microscopic techniques, revealing 
patterns in their morphological and structural properties. CPB films are incorporated into trilayer 
devices, and their charge transport characteristics are reported for the first time. The structural 
and electrical data are combined to show an enhancement in intramolecular charge transport 




CHAPTER 2: INITIATION OF ARYL HALIDE MONOLAYERS  
2.1 Summary 
The first step to growing conjugated polymer brushes is the initiation of a monolayer with 
the catalyst responsible for polymerization. Here, the initiation of three aryl halide phosphonic 
acid monolayers (termed pristine ML seeds) by a variety of Ni and Pd catalysts was studied 
using X-ray photoelectron spectroscopy (XPS). The resulting initiated ML seeds were then 
derivatized by a thiophene functional group using the same chemistry as used in conjugated 
polymer brush growth. The density of derivatized ML seeds, corresponding to the grafting 
density of the conjugated polymer brush grown from the same pristine ML seeds, was measured 
using quantitative XPS measurements, and corroborated with cyclic voltammetry. An 
understanding of the monolayer initiation mechanism and grafting density will inform the 
properties of conjugated polymer brush studied in Chapter 3 and Chapter 4, and may be used in 
future work to grow conjugated polymer brushes with higher or lower grafting densities. 
 Initiation of pristine ML seeds by Ni catalysts was sensitive to a change in the monolayer 
structure. The removal of one carbon in the monolayer changed the initiated ML seed structure 
and improved the grafting density from 0.3 to 0.9 nm-2. Pristine ML seeds initiated by Pd 
catalysts yielded a high grafting density around 1.2 nm-2, despite exclusively forming a 
disproportionated species during initiation that is considered catalytically inactive in the 
literature. The grafting density obtained using Pd catalysts was further improved to 2.6 nm-2 by 
using a smaller ligand. 
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2.2 Introduction 
2.2.1 X-ray photoelectron spectroscopy 
XPS is a surface analysis technique in which a material is illuminated by monochromatic 
high energy X-rays, causing emission of photoelectrons.70–72 This process follows the 
fundamental photoelectric equation, 
𝐸𝑘 = ℎ𝜈 −  𝐸𝑏 ,     (2.1) 
which describes the kinetic energy Ek of an electron emitted from a material upon illumination 
by X-rays with energy hν. Eb is the binding energy (BE) of the electron before emission, and is 
specific to the orbital and energy level (e.g., 1s or 2p), emitting element, and chemical 
environment of the species (e.g., oxidation state). The emitting orbital and element also 
determine the spin-orbit splitting pattern of Ek – electrons emitted from s orbitals are observed as 
a singlet peak, while electrons emitted from the higher orbitals (i.e., p, d, and f) are observed as 
doublet peaks. The energy offset and peak intensity ratio in doublet peaks is determined by the 
orbital, energy level, and element. The binding energy, splitting energy offset and relative 
intensities, and sensitivity of various elements, orbitals and species are well known and have 
been extensively tabulated.73 Because of these specificities, XPS is a very common tool for 
distinguishing and analyzing surface states. 
 Figure 2.1 shows a typical survey scan of a 145 nm thick indium tin oxide (ITO) film on 
glass with major features labeled, and a high-resolution scan of the doublet in the In 3d region. Si 
features from the glass substrate do not appear in the spectrum because the detection depth for 
XPS (i.e., depth below which photoelectrons cannot escape the sample to reach the detector) is ~ 
10 nm for a dense film. As a result of this attenuation, the relative XPS signal from atoms below 
the surface of a sample gets smaller with the depth of the atom. Contamination of the ITO 
20 
sample with small amounts of carbon are typical for most XPS spectra, unless the sample is 
cleaned with plasma in the measurement chamber prior to measurement. XPS is typically used 
qualitatively to determine atomic ratios and assign chemical species, however the technique can 
be used quantitatively to determine surface species density, as discussed below.33  
 
Figure 2.1. XPS survey scan of a 145 nm thick ITO film on glass, with key features labeled. 
Inset shows a high-resolution scan of the In 3d region. Auger peaks are produced by 
autoionization of atoms in the sample. 
 
2.2.2 Monolayer density measurements 
The first step to growing conjugated polymer brush (CPB) films is initiation of an aryl 
halide ML film on ITO with a metal catalyst (Scheme 1.1). As-grown ML films are termed 
pristine ML seeds here. ITO is the substrate of choice for growing CPB films, because it is 
mostly transparent in the absorption range of conjugated organic polymers, and it is conductive, 
so it can serve as the bottom electrode in a vertical trilayer polymer brush device. Phosphonic 
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acids are the most studied ML on ITO, as they form denser MLs than the alternatives (e.g., 
carboxylic acids), are chemically and thermally robust, and any physisorbed material can be 
easily removed using a dilute base.74,75 
The densities of pristine ML seeds composed of phosphonic acids covalently attached to 
various oxides (e.g., ITO and silicon oxide) have been measured (with corresponding densities) 
using gravimetric measurements on a quartz crystal microbalance (QCM) (4.0 – 5.4 nm-2)74 and 
CV (2.0 - 2.7 nm-2 ).62,75  These methods have significant disadvantages – QCM measurements 
require specialized equipment that is beyond the scope of this work. CV measurements require 
that the ML contains a bulky redox center, typically ferrocene. As a result, the ML density may 
be reduced due to steric interaction between adjacent ML molecules. XPS is an appealing 
alternative to these methods, as it has been successfully used to measure thiol ML density on 
Au.33 To do so, the XPS signal from unique terminal atoms in the ML (i.e., a halogen atom at the 
end of the ML) are compared to the signal from a Au standard with known density.  XPS is also 
a key tool in measuring the atomic ratios and oxidation states of atoms in ML seeds throughout 
the process of initiation and derivatization (see below). 
2.2.3 Solution phase initiation of aryl halides 
In this work, aryl halide phosphonic acid MLs (i.e., pristine ML seeds) are initiated by Pd 
and Ni catalysts. Solution phase (i.e., external) initiation of aryl halides by Ni and Pd catalysts 
provides is the source of the assumed structures of aryl halide MLs initiated by these catalysts. 
For Ni, a Ni0 center with labile ligands such as PPh3 (Ph = -C6H5) or 2,2’-bipyridine (bpy) 
undergoes oxidative insertion into an aryl halide, followed by ligand exchange with a bidentate 
phosphine ligand, such as 1,3-bis(diphenylphosphino)propane (dppp).76–80 The insertion and 
exchange are typically tracked using 31P-NMR, as shown in Figure 2.2. The reaction yields a 4-
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coordinate NiII center capable of highly controlled polymerization of conjugated polymers with a 
functionalized endgroup. This complex is analogous to initiated ML seeds in conjugated polymer 
brush growth. The Ni ligand exchange to dppp must occur after insertion into the aryl halide with 
a more labile ligand, as Ni(dppp)2 is not reactive towards aryl halides.
79 The labile ligands are 
typically exchanged for bidentate phosphine ligands to achieve better control over the subsequent 
polymerization. 
 
Figure 2.2. External initiation of aryl halides using a Ni catalyst. (a) Synthetic scheme using Cl 
as the halogen. (b) 31P-NMR peaks observed during exchange.  Panel (b) reprinted with 
permission.76 Copyright 2009 American Chemical Society. 
 
Solution-phase external initiation of aryl halides with Pd0 catalysts is typically 
accomplished by ligand exchange from Pd2dba3 to a monodentate phosphine ligand, such as 
PtBu3 (
tBu = tert-butyl), followed by oxidative insertion into the aryl halide (Figure 2.3a).81–84 
These steps yield a 3-coordinate PdII complex, analogous to the initiated ML seeds in CPB 
growth. The structure of this complex was confirmed X-ray diffraction studies (Figure 2.3b); the 
exchange and insertion steps can also be characterized with 1H-NMR and 31P-NMR. 
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Figure 2.3. External initiation of aryl halides with a Pd catalyst. (a) Example synthetic scheme 
using Br as the halogen. (b) Initiated structure elucidated with X-ray diffraction studies. Panel (b) 
reprinted with permission.81 Copyright 2004 American Chemical Society. 
 
2.2.4 Initiation of pristine monolayer seeds 
 Initiation of pristine ML seeds (i.e., as-grown aryl halide MLs) – the first step in CPB 
growth – proceeds similarly to analogous initiation in solution. Ni catalysts with labile ligands 
are oxidatively inserted into the pristine ML seeds via the aryl halide bond, followed by ligand 
exchange to dppp or another bidentate phosphine ligand, yielding initiated monolayer 
seeds.61,62,67 Commercially available Pd(PtBu3)2 is the only Pd catalyst that has been used to 
initiate aryl halide MLs.63 As shown in Figure 2.4, the initiated ML seeds are assumed in the 
literature to match the corresponding structure in solution – Ni catalysts form a 4-coordinate 
center, while Pd catalysts form a 3-coordinate center. These species are termed inserted ML 
seeds here. The inserted ML seeds are also presumed to be responsible for mediating 
polymerization of polymer brushes from the surface-bound MLs. However, due to their 
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sensitivity to oxygen and water, the chemical structures of inserted ML seeds – or any initiated 
ML seeds - have hardly been characterized. 
 
Figure 2.4. Initiation of pristine monolayer seeds (surface-bound phosphonic acid aryl halide 
MLs) by a (a) Ni catalyst and (b) Pd catalyst. In (a), Ar = 3-methylbenzyl, X = Cl, Br, or I.61,63 
 
 Youm et al. present the only structural characterization of initiated ML seeds, using XPS 
(Figure 2.5).67 Upon initiation of the pristine ML seeds with the Ni catalyst, the halogen 3d 
binding energy (BE) shifts to a lower energy (Figure 2.5a), indicating that a new halogen 
species was formed. The authors propose that the new halogen species corresponds to the 
inserted ML seed structure in Figure 2.5b, which has a halogen atom in a different chemical 
environment (bound to the metal center) than in the pristine ML seeds (bound to the aryl ring, 




Figure 2.5. XPS characterization of pristine and initiated ML seeds. (a) Halogen 3d XPS signal 
from pristine ML seeds (green trace), partially initiated ML seeds (red), and fully initiated ML 
seeds (violet). (b) Proposed structure of inserted ML seeds. (c) Structure of pristine ML seeds. L 
= dppp. Reprinted with permission.67 Copyright 2016 American Chemical Society. 
 
 In addition to the proposed inserted ML seed structures shown in Figure 2.4, initiation of 
pristine ML seeds may produce disproportionated ML seeds, in which two MLs form a bridge 
with or without a metal center, releasing the halogen atoms (Figure 2.6). In solution phase 
initiation of aryl halides, the disproportionated species is regarded as an undesired byproduct, 
producing chain-chain coupled polymers with roughly double the desired molecular weight.85,86 
The disproportionated ML seeds produced from initiation of pristine ML seeds with a Ni catalyst 
are thought to be similarly inactive, corresponding to dead ML seeds that are unable to grow into 
a conjugated polymer brush.62 However, disproportionated ML seeds have never been directly 
characterized, so their exact structure (e.g., presence of ligands on the metal center), stability 
(i.e., whether one or both metal atoms will be released, producing the structures in Figure 2.6b 
and c, respectively), and (in)ability to grow into conjugated polymer brushes are unknown.  
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Figure 2.6. Proposed formation and structures of disproportionated ML seeds. (a) Inserted ML 
seeds, (b) disproportionated ML seeds with a metal center, and (c) disproportioned ML seeds 
without a metal center.62 
 
2.2.5 Derivatization of initiated monolayer seeds 
The grafting density of CPB films likely plays an important role in determining the 
density, orientation, and other properties in the films. Variables such as ML density and 
structure, metal center in the catalyst (i.e., Ni or Pd), and catalyst ligands (i.e., PtBu3 is far larger 
than PMe3) may affect the energetics and sterics of pristine ML initiation and the resulting CPB 
grafting density. Directly measuring the grafting density in a CPB film after growth is quite 
challenging; instead, the grafting density in CPB films is estimated by quantifying the number of 
initiated ML seeds that can be derivatized using the same chemistry as used in polymerization of 
CPBs (i.e., Kumada coupling). 
A ferrocene-containing reagent is common for derivatizing initiated ML seeds, as the 
density of the redox-active Fe center can be measured by cyclic voltammetry (CV) (Figure 2.7). 
Using ferrocene derivatization, pristine ML seeds with a density of 2 nm-2 were initiated by Ni or 
Pd catalysts, then derivatized with a ferrocene functional group to yield grafting densities of 0.5 
and 1.1 nm-2, respectively.63 The authors proposed that neither catalyst was able to initiate all of 
the pristine ML seeds, leaving behind intact ML seeds, due to their bulky phosphine ligands (i.e., 
,3-bis(diphenylphosphino)propane (dppp) and PtBu3). The Ni catalyst was also proposed to have 
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a higher tendency than the Pd catalyst to produce disproportionated ML seeds during initiation 
due to differences in energetics. As above, the disproportionated ML seeds were assumed to be a 
source of dead ML seeds, and as a result the Ni catalyst yielded a lower grafting density than the 
Pd catalyst. However, without characterizing the density of intact and dead ML seeds in these 
initiated and derivatized ML films, it is impossible to know whether the grafting density was 
lower than the pristine ML seeds due to the formation of dead ML seeds via disproportionation, 
or another factor such as size of the catalysts. 
 
Figure 2.7. Derivatization of initiated ML seeds with ferrocene. (a) Initiation of pristine ML 
seeds with a Ni or Pd catalyst (step 1) and subsequent derivatization of initiated ML seeds with a 
ferrocene reagent (step 2). (b) CV of the derivatized ML seeds, with an oxidation peak area 
corresponding to an areal density of 1.1 molecules/nm2.  Panel (b) reprinted with permission.63 
Copyright 2012 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 
 
Although ferrocene is the most common functional group for quantifying the density of 
derivatized ML seeds as a proxy for the CPB film grafting density, steric interactions between 
the large ferrocene groups during the surface derivatization reaction may limit its extent, 
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resulting in an underestimated grafting density.33 Instead of using a redox-active center to 
derivatize initiated ML seeds, an alternative approach to quantify the CPB film grafting density 
is to derivatize initiated ML seeds with a smaller molecule containing a terminal heteroatom, 
such as the S atom in thiophene. The density of the heteroatom in the derivatized ML seeds 
represents the grafting density and could be quantified using XPS. This method has been 
reported elsewhere to quantify the density of molecular wires. 33 
2.3 Results and discussion 
2.3.1 General overview of monolayer initiation and derivatization 
In this section, several different pristine ML seeds were grown on ITO, initiated by Ni 
and Pd catalysts with various ligands, and derivatized by a Grignard reagent containing 
thiophene or ferrocene. These general synthetic steps and labeled structures are shown in 
Scheme 2.1. Further breakdowns of each step, the reagents used, potentially formed structures, 
and measurable atoms by XPS, are shown in Figures 2.8 – 2.11. Tables 2.1 – 2.4 summarize the 
XPS peaks and energies used to track the various ML seed structures based on XPS spectra 
shown below, tabulated values, and previous reports.67,73 In general, peak positions and atomic 
ratios from high-resolution XPS measurements were used qualitatively to propose the structures 
of initiated ML seeds, while the densities of pristine and derivatized ML seeds were 
quantitatively measured using the XPS signal from terminal atoms measured with a higher pass 
energy to give a higher signal-to-noise ratio (these atoms are noted below). The quantitative 
measurements were not performed on initiated ML seeds because of concerns of attenuation 
from the catalyst atoms present in the initiated ML seeds and from physisorbed catalyst species. 
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Scheme 2.1. General synthetic steps for initiation and derivatization of pristine ML seeds. 
 
 
2.3.1.1 Pristine monolayer seeds 
Three pristine ML seeds were chosen for the study, with structure names M-I, M-Br, and 
M-Br2 (Figure 2.8, Table 2.1). M-Br was chosen based on previous use as a ML in CPB films 
growth.62,63 M-I was chosen to prevent potential interference between the Br 3d and Ni 2p XPS 
regions and to test the effect of changing the halogen atom on initiation. M-Br2 was chosen to 
test the effect of changing the monolayer length (i.e., presence or absence of alkyl spacer) on 
initiation. The aryl-bound halogen atoms present in the pristine ML seeds are called IML in M-I 
or BrML in M-Br and M-Br2. The phosphonate-type P atoms present in the pristine ML seeds are 
called PML. These atoms were tracked by XPS using the halogen 3d and P 2p regions. The 
pristine ML seed densities, ρpristine, were quantified using XPS signals from the terminal halogen 
atoms, IML or BrML. 
 
Figure 2.8. Structures of pristine ML seeds. 
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Table 2.1. XPS atoms and energies from pristine ML seeds. 
Pristine ML Seed 
XPS 

























aAtom densities determined quantitatively using XPS. 
 
2.3.1.2 Catalysts 
Different Ni0 and Pd0 catalyst/ligand combinations were used to initiate pristine ML 
seeds (Figure 2.9, Table 2.2). For Ni, bidentate 2,2’-bipyridine (bpy) and 1,3-
bis(diphenylphosphino)propane (dppp) were selected. Both catalysts have been used previously 
to grow CPB films with similar grafting densities.62 Dppp reportedly enables better control over 
Ni-catalyzed polymerization than bpy.76 Ni(dppp)2 is unreactive towards oxidative insertion into 
aryl halide bonds (i.e., unable to initiate pristine ML seeds).80 In order to initiate pristine ML 
seeds with the Ni/dppp metal/ligand combination, the pristine ML seeds are first initiated with 
Ni/bpy, then bpy is exchanged to dppp in situ. This reaction scheme is shown in Scheme 2.2 
using initiation of M-I pristine ML seeds, forming inserted ML seeds as an example. Ni atoms 
often contain a complex XPS pattern in the Ni 2p region, which limits their analysis. Generally, 
signal from Ni0 atoms appears at lower binding energy than NiII.67,87 The bpy ligand can be 
tracked using the N 1s peak from ligand N atoms (called NL). The XPS signal from ligand-type P 
atoms (called PL) appears in the P 2p region at lower binding energy (BE) than phosphonate-type 
PML atoms.  
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Figure 2.9. Catalyst/ligand combinations used for initiation. 
 
Table 2.2. XPS atoms and energies from catalyst metals and ligands. 
Metal or Ligand 
XPS 
Atom Region and Peak Binding Energy (eV) 
Ni Ni0 Ni 2p3/2 856 
Pd Pd0 Pd 3d5/2  335 
bpy NL N 1s 400 
dppp PL P 2p 131 
PtBu3 PL P 2p 131 
PMe3 PL P 2p 131 
 
Scheme 2.2. Initiation of M-I pristine ML seeds with Ni/dppp.  
 
 
Pd(PtBu3)2 is the only Pd catalyst that has been used to initiated pristine ML seeds and 
grow CPB films.63 However, a smaller ligand such as PMe3 may allow the Pd catalyst to pack 
more tightly on the film surface and initiate more pristine ML seeds. Pd0 has XPS signals in the 
Pd 3d region that are more straightforward to assign than Ni 2p signals. 
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2.3.1.3 Initiated monolayer seeds 
Structural analysis of initiated ML seeds with XPS is more complex than with the pristine 
ML seeds or catalysts. The proposed structures and XPS signatures are shown in Figure 2.10 
and Table 2.3. Initiated ML seeds are defined here as any ML seeds with a structure that was 
affected by initiation. Based on previous reports, initiated ML seeds are likely to have the 
inserted ML seed or disproportionated ML seed structure. Inserted ML seeds are also proposed 
to be catalytically active, i.e., able to undergo derivatization or grow into CPB films, while 
disproportionated seeds are proposed to be catalytically inactive. Catalytically inactive seeds are 
termed dead ML seeds here. The structural difference between these initiated ML seed structures 
is the presence of a halogen atom. The halogen atom in the inserted ML seed, XIns = IIns or BrIns 
depending on the pristine ML seed used, is attached to the metal center. Because of the 
difference in chemical environment compared to XML in the pristine ML seed (XML = IML or 
BrML), XIns has a lower halogen 3d binding energy in XPS. The disproportionated ML seed 
structure lacks a halogen atom, and may be bridged with or without a metal center. The metal 
centers in all initiated ML seeds are expected to be in the II oxidation state (i.e., NiII or PdII). If 
the catalyst ligands are present in the initiated ML seeds, PL or NL XPS signal is observed. As 
noted above, PL atoms from the ligand are expected to be appear at a lower binding energy in 
XPS than PML from the phosphonate group. Pristine ML seeds that are unaffected by initiation, 
called intact ML seeds, have the same structure as the pristine ML seeds shown above. 
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Figure 2.10. Proposed structures after initiation of pristine ML seeds. 
 
Table 2.3. XPS atoms and energies from catalyst metals and ligands. 
Structure 
XPS 
Atom Region and Peak Binding Energy (eV) 
Inserted ML Seeds 
PML 
PL or NL 
NiII or PdII 
BrIns or IIns 
P 2p 
P 2p or N 1s 
Ni 2p3/2 or Pd 3d5/2 
Br 3d or I 3d5/2 
133 
131 or 400 
852 or 335 
69 or 618 
Disproportionated ML Seeds 
PML 
PL or NL 
NiII or PdII 
P 2p 
P 2p or N 1s 
Ni 2p3/2 or Pd 3d5/2 
133 
131 or 400 
856 or 335 
Intact ML seeds 
PML 
BrML or IML 
P 2p 
Br 3d or I 3d 
133 
71 or 620 
 
2.3.1.4 Derivatized monolayer seeds 
After derivatization of initiated ML seeds by thiophene or ferrocene, derivatized ML 
seeds respectively contain an S atom or a redox-active metal center (Figure 2.11, Table 2.4), 
which were quantified by XPS or CV analysis, respectively. The derivatized ML seed density 
corresponds to the grafting density, σ. The intact ML seed density, ρintact, was quantified using 
the density of the remaining halogen (XML = IML or BrML). The density of intact ML seeds is 
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expected to remain constant between the initiation and derivatization steps. In addition to 
derivatized and intact ML seeds, dead ML seeds may form. Based on previous reports and results 
below, dead ML seeds are likely disproportionated ML seeds without a metal center. This 
structure does not contain any suitable atoms for XPS quantification. Since the total ML density 
from the pristine ML seeds is not expected to be affected by initiation or derivatization, the dead 
ML seed density, ρdead is given by 
ρdead = ρpristine − σ − ρintact.    (2.2) 
The values of ρpristine, σ, and ρintact are determined from quantitative XPS analysis. 
 
Figure 2.11. Proposed structures present after derivatization of initiated ML seeds. 
 
Table 2.4. XPS atoms and energies of species present after derivatization of initiated ML seeds. 
Structure 
XPS 
Atom Region and Peak Binding Energy (eV) 













Br 3d or I 3d 
133 
71 or 620 
Dead ML Seeds PML P 2p 133 
aAtom densities determined quantitatively using XPS. 
 
2.3.2 XPS characterization 
In this section, the relevant XPS spectra, atomic ratios, and quantitative density values for 
initiation and derivatization of pristine ML seeds are shown and discussed. 
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2.3.2.1 Pristine monolayer seeds 
Three phosphonic acid aryl halide MLs, M-Br, M-I, and M-Br2 were grown on ITO as 
pristine ML seeds.74 Each pristine ML seed displayed high-resolution XPS signals corresponding 
to XML (IML or BrML depending on the structure) and PML (Figure 2.12). 
 
Figure 2.12. High-resolution XPS measurements of pristine ML seeds . Br 3d and P 2p doublets 
have very small splitting energies, so the Br 3d3/2/Br 3d5/2 and P 2p1/2/P 2p3/2 doublet peaks were 
not resolved from each other. Raw and background signal are shown as the black and red traces, 
respectively. 
 
The pristine ML seed densities were quantitatively measured by XPS using the intensity 
of the terminal halogen atoms, calibrated to a Au reference sample (Figure 2.13). The pristine 
ML densities calculated by the quantitative XPS measurements ranged from 3.36 – 3.9 nm-2, and 
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are shown in Table 2.5. The range of pristine ML seed densities reported here is within the range 
of similar MLs measured using CV, RBS, or QCM.33,62,74 The pristine ML seed density is the 
maximum grafting density achievable for CPB films (i.e., all pristine ML seeds are initiated and 
grow into polymer chains, leaving behind no intact or dead ML seeds). 
 
Figure 2.13. Quantitative XPS measurements of (a) – (c) pristine ML seeds and (d) Au reference 
foil. Raw and background signal are shown as the black and red traces, respectively. 
 
Table 2.5. Pristine ML seed densities. 
Monolayer Name ρpristine (nm-2) 
M-I 3.47 ± 0.06a 
M-Br 3.36 ± 0.07 
M-Br2 3.9 ± 0.1 
a± values are the standard deviation of ≥ 3 XPS measurements on one ML sample. 
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2.3.2.2 Initiated and derivatized monolayer seeds 
Table 2.6 summarizes the results of initiating and derivatizing pristine ML seeds using 
various catalyst/ligand combinations. The sub-sections below go into more detail for each 
combination. 






























4 M-Br Pd PtBu3
 No 






5 M-Br Pd PMe3









7 M-Br2 Pd PtBu3





aBased on XPS deconvolution of halogen 3d peaks.  
bBased on derivatization of initiated ML seeds with thiophene and subsequent quantification with 
XPS, except where noted. 
c± values are the standard deviation of ≥ 3 XPS measurements on one sample (or error 
propagation thereof). 
dBased on derivatization with ferrocene and subsequent quantification with CV. 
 
2.3.2.2.1 Initiation and derivatization of M-I with Ni catalysts 
Initiation of M-I pristine ML seeds with Ni/bpy or Ni/dppp (Table 2.6, entries 1 and 2) 
produced low grafting densities due to a propensity of these Ni catalysts to disproportionate into 
dead ML seeds during initiation. Figure 2.14 shows the XPS results of initiation using Ni/dppp; 
the corresponding XPS spectra using Ni/bpy were nearly identical. After initiation, only IML and 
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PML and were detected in their respective XPS regions (Figure 2.14a, b). The lack of IIns signal 
indicates that inserted ML seeds were not formed during initiation. The lack of PL signal after 
initiation with Ni/dppp indicates that dppp was not incorporated into the initiated ML seed 
structure during in situ ligand exchange from Ni/bpy to Ni/dppp. Very large Ni and N XPS peaks 
were also detected, with Ni:PML and NL:PML atomic ratios > 1:1 (Figure 2.14c, d). The excess 
catalyst peaks, indicating physisorption of the catalyst during initiation, is typical of all initiated 
ML seeds below. The Ni 2p peaks can be roughly assigned as one Ni0 species (2p3/2 peak at 852 
eV) and at least one NiII species (2p3/2 peaks between 856 – 865 eV). The Ni
0 species may 
correspond to Ni0 catalysts that did not initiate pristine ML seeds and instead physisorbed onto 
the sample surface. The NiII species likely include Ni0 catalysts that were oxidized as they 
initiated pristine ML seeds (i.e., the desired process) or by an undesired process, e.g., oxidation 
by inadvertent exposure to oxygen or during exposure to the XPS beam. Exact assignment of the 
Ni 2p peaks is outside of the scope of this work. The presence of physisorbed Ni species after 
initiation makes it impossible to determine whether or not a metal center is present in the 
initiated ML seeds, i.e., we cannot discern between disproportionated ML seeds with or without 
a metal center based on the Ni XPS data. 
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Figure 2.14. High-resolution XPS measurements of M-I pristine ML seeds initiated by Ni/dppp 
via ligand exchange from Ni/bpy. Raw and background signal are shown with the black and red 
traces, respectively. 
 
 After derivatization of the initiated ML seeds with a thiophene-derived Grignard reagent 
and subsequent cleaning by sonication, small S 2p XPS peaks were detected, corresponding to 
derivatized ML seeds (Figure 2.15a). Quantitation of these peaks yielded σ ~ 0.3 nm-2 using 
Ni/bpy or Ni/dppp catalysts for initiation, consistent with a previous report.62 Since the inserted 
ML seed XPS signal from IIns was not detected in the initiated ML seeds, the small but 
appreciable grafting densities using Ni/bpy or Ni/dppp came from a different initiated ML seed 
species that was derivatized, such as disproportionated ML seeds containing a metal center. This 
result is unexpected because literature reports propose that the inserted ML seed is the only 
initiated ML seed species able to be derivatized, while disproportion leads to dead ML seeds 
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(although this proposal has not been directly characterized).62,63,67 However,  perhaps 
disproportionated ML seeds containing a metal center were sometimes able to undergo 
derivatization, contributing to the grafting density. This proposal is explored more below with 
initiation of pristine ML seeds using Pd catalysts. 
IML 3d peaks were also detected and quantified after derivatization, giving similar ρintact
 
values of 1.37 and 1.62 nm-2 between the Ni/bpy and Ni/dppp catalysts (Figure 2.15b). Using 
ρpristine = 3.47 nm
-2 for M-I, ρdead values of 1.8 and 1.56 nm
-2 were calculated for initiation using 
Ni/bpy and Ni/dppp catalysts, respectively. These results indicate that ~ 40 % of the M-I pristine 
ML seeds were left intact during initiation, supporting previous findings that the Ni catalysts are 
too large to initiate all of the pristine ML seeds. Based on the results above, the initiated ML 
seeds formed using either Ni catalyst were disproportionated ML seeds that mostly became dead 
ML seeds after derivatization. 
 
Figure 2.15.  Quantitative XPS measurements of M-I initiated by Ni/dppp, then derivatized with 
thiophene.. Raw and background signal are shown by the black and red traces, respectively. 
 
2.3.2.2.2 Initiation and derivatization of M-I and M-Br with Pd(PtBu3)2 
Initiation of either M-I or M-Br pristine ML seeds with the commercially available 
Pd(PtBu3)2 yielded a higher grafting density than the Ni catalysts, despite not forming inserted 
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ML seeds during initiation (Table 2.6, entries 3 and 4). Figure 2.16 shows the XPS 
characterization of M-Br pristine ML seeds initiated by Pd(PtBu3)2; the XPS results from 
initiating M-I pristine ML seeds were nearly identical. The initiated ML seeds yielded from 
initiation of M-I or M-Br pristine ML seeds showed no IIns or BrIns, only IML or BrML (Figure 
2.16a), indicating that inserted ML seeds were not formed. Initiation of either pristine ML seed 
produced small peaks from PL in addition to PML with PL:PML ~ 0.1 (Figure 2.16b). As with 
initiation using the Ni catalysts, initiation with Pd(PtBu3)2 also resulted in an excess of Pd 
compared to PML with a complicated XPS spectrum, which limits the scope of structural analysis 
(Figure 2.16c). These Pd 3d peaks roughly correspond to PdII and Pd0 species, however the exact 
number and structure of species cannot be determined here. These XPS results are consistent 
with formation of disproportionated ML seeds, possibly containing a PdII center and 
physisorption of some Pd0 and PdII species. 
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Figure 2.16. High-resolution XPS peaks from M-Br pristine ML seeds initiated by Pd(PtBu3)2 
with peak fits for P 2p and Pd 3d regions (green, blue, and cyan traces). Sum of fits, raw and 
background signal are shown as the orange, black, and red traces, respectively. 
 
Quantitation of the S 2p peaks after derivatization with thiophene yielded similar σ 
values of 1.0 or 1.2 nm-2 using M-I or M-Br pristine ML seeds, respectively (Figure 2.17a). σ 
using this Pd catalyst was corroborated by initiating M-Br pristine ML seeds with Pd(PtBu3)2 
and derivatizing with a ferrocene functional group. The density of the ferrocene iron center was 
quantified using CV, yielding σ = 1.3 nm-2, nearly identical to σ calculated by derivatization 
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using thiophene (Figure 2.18). This result indicates that the two methods (XPS and CV using 
different derivatization functional groups) are consistent with each other. 
Using the IML and BrML 3d peaks after derivatization, initiation using Pd(P
tBu3)2 
produced ρintact ~ 1.2 – 1.3 nm
-2  and ρdead ~ 1 nm
-2, which are lower than the corresponding 
values when Ni catalysts were used (Figure 2.17b). This indicates that initiation with the Pd or 
Ni catalysts formed similar initiated ML seed species, i.e., disproportionated ML seeds, however 
the Pd catalyst initiated more pristine ML seeds than the Ni catalyst. More importantly, the Pd 
catalyst also produced a much higher grafting density than the Ni catalysts (σ ~ 0.3 nm-2 for the 
Ni catalysts). Thus, the disproportionated ML seeds containing a Pd center were likely to be able 
to undergo derivatization, while disproportionated ML seeds containing a Ni center were less 
likely. These results also show that the initiation of pristine ML seeds by the Pd catalyst was 
unaffected by a change in the halogen atom from I to Br. 
 
Figure 2.17. Quantitative XPS peaks from M-Br pristine ML seeds initiated by Pd(PtBu3)2, then 





Figure 2.18. CV of M-Br pristine ML seeds initiated by Pd(PtBu3)2, then derivatized with 
ferrocene. The oxidation peak area is 75 µA. Reprinted with permission.88 Copyright 2018 
American Chemical Society. 
 
Scheme 2.3 shows a potential reaction pathway to derivatize the disproportionated ML 
seeds containing a PdII center with thiophene. The PdII center undergoes transmetallation in the 
first step with the Grignard derivatization agent. This yields one ML seed with the derivatization 
intermediate, and one seed capped with the Grignard byproducts of transmetallation. Reductive 
elimination and quenching in the second step give one thiophene-capped derivatized ML seed, 
and one dead ML seed. This pathway also accounts for polymerization of CPBs from pristine 
ML seeds initiated by Pd(PtBu3)2 if the derivatization agent is replaced with a bifunctional 
Grignard monomer. As noted above, the grafting density using a Pd catalyst is higher than using 
Ni catalysts, indicating that the pathway in Scheme 2.3 is more prominent using the Pd catalyst 
than the Ni catalysts for initiation. This could be due to a difference in the stability of the 
disproportionated ML seeds with a metal center containing a Ni vs. a Pd center. If a Ni center is 
less stable in this structure than Pd, the Ni center may be more likely to couple the two ML 
seeds, producing disproportionated ML seeds without a metal center species, which are dead ML 
seeds than cannot be derivatized. Meanwhile, the disproportionated ML seed containing a Pd 
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center would be more stable and able to undergo more derivatization, producing more 
derivatized ML seeds and a higher grafting density. 
Scheme 2.3. Derivatization of bridging Pd species with thiophene. 
 
 
2.3.2.2.3 Initiation and derivatization of M-Br with Pd(PMe3)2 
The initiation of M-Br with Pd(PMe3)2 (Table 2.6, entry 5) produced the highest grafting 
density of any pristine ML seed/catalyst combination, likely due to the smaller catalyst ligands. 
After initiation, BrIns was detected in the Br 3d XPS region, and a significant PL peak was 
detected in the P 2p region with PL:PML ~ 0.25 (Figure 2.19). These results are consistent with 
formation of inserted ML seeds, unlike initiation of the same M-Br pristine ML seeds with the 
Pd(PtBu3)2 catalyst. Pd
0 and PdII species were also detected in excess of PML, as shown above 
with initiation using Pd(PtBu3)2. 
 
Figure 2.19. High-resolution XPS peaks and fits from M-Br initiated by Pd(PMe3)2. Sum of fits, 
raw, and background signal are given by the orange, black, and red traces, respectively. 
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After derivatization of the initiated ML seeds with thiophene, a large S 2p signal appears 
(Figure 2.20a). The signal from BrIns is gone, leaving only BrML, as is expected from 
derivatization of inserted ML seeds while intact ML seeds are not derivatized (Figure 2.20b). 
Quantitation of these peaks yielded a high σ = 2.6 nm-2, ρintact = 1.2 nm
-2, and no dead ML seeds. 
Initiation using Pd(PMe3)2 yielded a grafting density about twice that using Pd(P
tBu3)2. 
Pd(PMe3)2 also produced inserted ML seeds during initiation, while Pd(P
tBu3)2 produced 
disproportionated ML seeds during initiation.  
 
Figure 2.20. Quantitative XPS peaks from M-Br pristine ML seeds initiated by Pd(PMe3)2, then 
derivatized with thiophene. Raw and background signal are shown with the black and red traces, 
respectively. 
 
PMe3 is a much smaller ligand than P
tBu3, so the smaller Pd(PMe3)2 catalyst was likely 
able to pack more densely in initiated ML seeds than Pd(PtBu3)2. One possibility is that the 
phosphine ligand is necessary to stabilize inserted ML seeds but not in disproportionated ML 
seeds. The PtBu3 ligands were unable to pack with a density sufficient to stabilize the Pd center 
in the inserted structure, so disproportionated ML seeds were formed instead. The PMe3 ligands 
were able to pack more densely, enabling formation of the inserted ML seeds. Another 
possibility is that there is an equilibrium between inserted and disproportionated ML seeds 
during initiation. The inserted ML seeds have a 1:1 ratio between the catalyst and ML seeds, 
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while the disproportionated ML seeds have a 1:2 ratio between the catalyst and ML seeds. The 
smaller Pd(PMe3)2 catalyst is able to pack more densely during initiation, shifting the 
equilibrium away from disproportionated ML seeds towards the inserted ML seeds. 
2.3.2.2.4 Initiation and derivatization of M-Br2 with Ni/dppp or Pd(PtBu3)2 
The initiation of M-Br2 pristine ML seeds with Ni/dppp or Pd(PtBu3)2 catalysts showed 
that ML structure can play a key role in initiation (Table 2.6, entries 6 and 7). After initiation 
with Ni/dppp, BrML and BrIns were detected (Figure 2.21a). Meanwhile, initiation with 
Pd(PtBu3)2 did not produce any BrIns  (Figure 2.21b). No PL was detected using either catalyst, 
while a significant NL 1s peak was detected using Ni/dppp as the catalyst, similar to initiation 
using Ni catalysts above. The metal XPS features from initiation using either catalyst were the 
same as observed in the other systems above. These results indicate that different initiated ML 
seeds were formed between the Ni and Pd catalysts. Initiation of M-Br2 pristine ML seeds with 
Ni/dppp produced inserted ML seeds (evidenced by the detection of BrIns), unlike the initiation of 
M-I pristine ML seeds with the same catalyst. Initiation of M-Br2 pristine ML seeds with 
Pd(PtBu3)2 produced disproportionated ML seeds, not inserted ML seeds, consistent with the 
initiation of M-I or M-Br pristine ML seeds with the same catalyst. 
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Figure 2.21. High-resolution XPS signals from initiation of M-Br2 pristine ML seeds with Ni or 
Pd catalysts. Sum of fits, raw, and background signal are shown with orange, black, and red 
traces, respectively. 
 
After derivatization of the Ni-initiated ML seeds with thiophene, BrIns was absent, as 
expected from derivatization of the inserted ML seeds. Quantitative measurements of the S 2p 
and Br 3d regions for both catalysts yielded σ, ρintact, and ρdead using the Ni (Pd) catalyst of 0.9 
(1.0), 1.65 (2.0), and 1.3 (0.9) nm-2. The quantitative S 2p and Br 3d XPS spectra looked 
identical to those shown above. The density of intact ML seeds is similar after initiation of M-
Br2 or M-I pristine ML seeds with the Ni catalyst, indicating that the catalyst initiated 
approximately the same number of pristine ML seeds using either structure. However, initiation 
of M-Br2 pristine ML seeds with the Ni catalyst led to formation of inserted ML seeds and a 
grafting density of 0.9 nm-2, while initiation of M-I led to formation of disproportionated ML 
seeds and a lower grafting density of 0.3 nm-2. The lack of a carbon spacer in the M-Br2 pristine 
ML seeds likely caused this difference, but more studies expanding the scope of pristine ML 
seed structures are needed to find the reason behind this. Meanwhile, initiation of M-Br or M-
Br2 pristine ML seeds by Pd(PtBu3)2 was basically the same, so initiation with the Pd catalyst 
was not significantly affected by the change in structure. 
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2.4 Conclusions 
The results above reflect a complex relationship between pristine ML seed structure, 
catalyst metal and ligands, initiated ML seed structure, and grafting density. Inserted or 
disproportionated ML seeds were formed during initiation, depending on which pristine ML seed 
structure, metal, and ligands were used. Disproportionated or inserted ML seeds produced from 
initiation with Pd catalysts were shown to undergo derivatization and contribute to grafting 
density. This is contrary to previous reports that claim that disproportionated ML seeds become 
dead ML seeds while inserted ML seeds are the only species that can contribute to grafting 
density. The highest grafting density was obtained by using a Pd catalyst with small ligands to 
initiate the pristine ML seeds. While initiation using a Pd catalyst appeared to be insensitive to 
the pristine ML seed structure, initiation using a Ni catalyst was significantly altered when the 
pristine ML seed structure was changed. 
2.5 Experimental 
2.5.1 General 
All chemicals and reagents were purchased from commercial sources (Sigma Aldrich, 
Acros, Strem, etc.) and used without further purification unless otherwise noted. THF and 
toluene were obtained from a solvent system. All reactions were performed under an inert, N2 
atmosphere using a Schlenk line or in a glovebox (MBraun Unilab) unless otherwise noted. 
NMR spectra were recorded on a Bruker 400 MHz spectrometer.  Chemical shifts are reported 
relative to an internal tetramethylsilane standard. NMR spectra are shown in the Appendix, 
Section 2.6. 
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2.5.2 Monolayer synthesis 
2.5.2.1 General procedure, conversion of ethyl phophonates to phosphonic acids 
Bromotrimethylsilane (TMS-Br) (≥ 3 eq) was added dropwise to the stirring ethyl 
phosphonate (1 eq) at 0 °C. This was stirred overnight at room temperature (rt). The TMS-Br 
was evaporated off, then MeOH (10 – 20 mL) was added and refluxed for 4 hours. This was 
reduced under vacuum and recrystallized in the solvent specified. 
2.5.2.2 (4-Bromobenzyl)phosphonic acid (M-Br) 
 
4-bromobenzylbromide (10 g, 40 mmol) and triethylphosphite (40 g, 240 mmol) were 
stirred at reflux overnight. Triethyl phosphite was distilled off under vacuum (~ 500 mTorr) at 85 
°C to yield a viscous clear oil (12 g, 98 % yield). 1H-NMR (CDCl3) shifts δ 7.44 (d, J = 8.5 Hz, 2 
H), 7.21 (d, J = 8.5 Hz, 2 H), 4.04 (q, J = 7.1 Hz, 4 H), 3.14 (d, J = 21.8 Hz, 2 H), 1.27 (t, J = 7.1 
Hz, 6 H); 31P-NMR δ 25.49 (s, 1 P). 
The general procedure was used to convert the diethyl phosphonate (5 g, 16.3 mmol) with 
TMS-Br (7.5 g, 48 mmol) to the phosphonic acid. This was recrystallized in acetonitrile to give 
the product as a white powder (3.9 g, 96 % yield). 1H-NMR (CD3OD) δ 7.45 (d, J = 8.4 Hz, 2 
H), 7.26 (d, J = 8.4 Hz, 2 H), 3..13 (d, J = 21.8 Hz, 2 H); 31P-NMR δ 23.21 (s, 1 P). 
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2.5.2.3 (4-Iodobenzyl)phosphonic acid (M-I) 
 
4-iodobenzylbromide (2 g, 6.7 mmol) and triethylphosphite (6.7 g, 40.4 mmol) were 
stirred at reflux overnight. Triethyl phosphite was removed under vacuum (~ 500 mTorr) at 85 
°C to yield a viscous yellow oil (2 g, 84 % yield). 1H-NMR (CDCl3) δ 7.64 (d, J = 8.4 Hz, 2 H), 
7.08 (d, J = 8.4 Hz, 2 H), 4.04 (q, J = 7.1 Hz, 4 H), 3.12 (d, J = 21.6 Hz, 2 H), 1.27 (t, J = 7.1 Hz, 
6 H); 31P-NMR δ 25.44 (s, 1 P). 
The general procedure was used to convert the diethyl phosphonate (1 g, 2.8 mmol) with 
TMS-Br (3.5 g, 23 mmol) to the phosphonic acid. This was recrystallized in 10 % MeOH, 90 % 
acetonitrile to give the product as a white powder (0.3 g, 36 % yield). 1H-NMR (CD3OD) δ 7.64 
(d, J = 8.4 Hz, 2 H), 7.12 (d, J = 8.4 Hz, 2 H), 3.12 (d, J = 21.6 Hz, 2 H); 31P-NMR δ 23.17 (s, 1 
P). 
2.5.2.3 (4-Bromophenyl)phosphonic acid (M-Br2) 
 
N-butyllithium (4.8 mL, 12 mmol, 2.5 M in hexanes) was added dropwise to 1,4-
dibromobenzene (3 g, 12.7 mmol) at -78 °C and stirred for a half hour. Diethyl chlorophosphate 
(2.2 g, 12.7 mmol) was then added dropwise at -78 °C and the solution turned white. This was 
stirred allowed to warm to rt while stirring overnight, after which the solution was clear and 
colorless with some slight white edges. This was quenched with 1 M HCl and extracted with 
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dichloromethane three times, then washed with 10 % aqueous KOH. The solution was dried with 
MgSO4, then reduced under vacuum to yield the crude product as a yellow oil. 
1H-NMR (CDCl3) 
δ 7.80 – 7.40 (multiple peaks, 4 H), 4.13 (m, 4 H), 1.36 (dt, J = 8.8, 7.2 Hz, 6 H); 31P-NMR δ 
17.75 (s, 1 P). Despite impurities in both NMR spectra, the crude product was carried into the 
next step without further purification, with the intent of purifying the final phosphonic acid 
product. 
The general procedure was used to convert the crude diethyl phosphonate (1 g, 3.4 mmol) 
with TMS-Br (1.6 g, 10.2 mmol) to the phosphonic acid. This was recrystallized in acetonitrile to 
give the product as an off-white powder (0.4 g, 50 % yield). 1H-NMR (CD3OD) δ 7.75 – 7.64 
(multiple peaks, 4 H); 31P-NMR δ 14.67 (s, 1 P). There are small impurities in the aromatic 
region of the product’s 1H-NMR spectrum, but these impurities are unlikely to interfere with 
monolayer formation, as the 31P-NMR spectrum does not contain any significant impurity peaks. 
2.5.3 Formation of pristine monolayer seeds 
Indium tin oxide (ITO) slides (1 in. × 1 in., 145 nm sputtered ITO on glass, resistivity 20 
Ω/sq) purchased from Thin Film Devices, Inc. were sonicated in 18 MΩ deionized water, 
acetone, and isopropanol for 15 min. each, then cleaned with UV/ozone (model 42A, Jelight 
Company, Inc.) for 15 min. They were then immersed in a 10 mM solution of the phosphonic 
acid in ethanol overnight. The slides were quickly dried under a stream of N2 and heated in a 
glovebox at 150 °C overnight. Lastly, the slides were sonicated in a 1:1 mixture of aqueous 0.5 
M K2CO3 and ethanol for at least one minute to remove any phosphonic acid multilayers, then 
rinsed with water and ethanol to yield monolayer-functionalized ITO.74 
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2.5.4 Monolayer initiation 
2.5.4.1 General procedure 
ITO slides functionalized with pristine ML seeds were immersed in a solution of the 
catalyst (concentration, temperature, and time noted below) without stirring. Catalysts were 
prepared in the glovebox. After exposure to the catalyst, slides were rinsed extensively with 
toluene and THF and transferred immediately to XPS analysis or derivatization without exposure 
to air. 
2.5.4.2 Ni/bpy 
Bpy (39.8 mg, 0.25 mmol) and Ni(COD)2 (COD = 1,5-cyclooctadiene) (70 mg, 0.25 
mmol) were added to toluene (10 mL, 25 mM solution) and shaken vigorously for 1 min. The 
solution turned dark violet. The ITO slide with pristine ML seeds was then immersed in the 
solution overnight at room temperature.62 
2.5.4.3 Ni/dppp 
After immersion of pristine ML seeds on ITO in Ni/bpy overnight following the protocol 
above, the film was rinsed with just toluene and immersed in a solution of dppp (105 mg, 0.25 
mmol) in toluene (10 mL, 0.025 M) overnight at room temperature for in situ ligand exchange 
from bpy to dppp.62 
2.5.4.4 Pd(PtBu3)2 
Pd(PtBu3)2 (Strem Chemicals) (51 mg, 0.1 mmol) was dissolved in toluene (10 mL, 10 




Pd2dba3 (120.4 mg, 0.13 mmol) and PMe3 (540 µL of a 1 M solution in 2-
methyltetrahydrofuran, 0.54 mmol) were added to toluene (10 mL, 25 mM Pd(PMe3)2) and 
stirred overnight at room temperature. The Pd2dba3 chloroform adduct was not used, as 
phosphine-ligated Pd catalysts can be unstable to chloroform.81 This ligand exchange to 
Pd(PMe3)2 was tracked using 
1H-NMR and 31P-NMR. 1H-NMR of the Pd2dba3 starting material 
in CDCl3 showed clear peaks corresponding to the free dba ligand at 7.75, 7.64, and 7.44 ppm. 
The purity of the starting material (soluble part only) was calculated using the integration of 
these free ligand peaks against ligated Pd2dba3 peaks at 5.69 and 5.33 ppm using a method 
described elsewhere.89 A purity of 67% was calculated for the Pd2dba3. After ligand exchange 
with PMe3, the 
1H-NMR take in toluene-d8 had no ligated Pd2dba3 peaks between 5 – 6 ppm, 
indicating successful exchange. 31P-NMR of the product showed two singlets at 22.57 and 25.82 
ppm, while the singlet at -62.03 ppm from the PMe3 starting material was absent. This indicates 
that ligand exchange was successful, forming two major products. 
 After ligand exchange, the solution was filtered through 0.1 µm poly(tetrafluoroethylene) 
to remove any insoluble Pd species. An ITO film with pristine ML seeds was immersed in the 
solution for 3 hours at 70 °C. 
2.5.5 Monolayer derivatization 
2.5.5.1 Bromothiophene 
Commercially-available bromothiophene (97 mg, 0.59 mmol) in THF (10 mL) was 
cooled to 0 °C. Isopropylmagnesium chloride (0.27 mL, 2 M in THF, 0.54 mmol) was added 
dropwise while stirring, yielding a 50 mM solution of the Grignard derivatization reagent. This 
solution was stirred at 0 °C for 30 minutes, then at room temperature for 30 minutes. Films with 
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initiated ML seeds were immersed in this solution overnight at 40 °C without stirring. The 
derivatized slides were rinsed with toluene and THF, quenched in MeOH, then cleaned in 
ambient atmosphere by sonication in water, CHCl3, and isopropyl alcohol for 30 seconds each. 
2.5.5.2 Ferrocene 
2-Ferrocenyl-5-bromothiophene was synthesized according to a literature procedure.62 
The final product was isolated as a red powder. 1H-NMR (CDCl3) δ 6.82 (d, J = 3.3 Hz, 1 H), 
6.50 (d, J = 3.3 Hz, 1 H), 4.12 (s, 9 H), 3.76 (s, 2 H). This compound (177 mg, 0.67 mmol) was 
dissolved in THF (30 mL) and cooled to 0 °C. Isopropylmagnesium chloride (0.3 mL, 2 M in 
THF, 0.6 mmol) was added dropwise while stirring, yielding a 20 mM solution of the Grignard 
derivatization agent. ITO with initiated ML seeds were immersed in this solution and cleaned 
according to the same procedure as used with bromothiophene derivatization. Thiophene 
derivatization of initiated ML films was preferred over ferrocene derivatization as thiophene 
derivatization is less synthetically demanding. 
2.5.6 CV measurements 
CV was performed in a custom, 3-electrode electrochemical cell with the ITO substrate 
of the ferrocene-derivatized films as the working electrode, a platinum wire as the counter 
electrode, and a Ag/AgCl reference electrode. Tetra(n-butylammonium hexafluorophosphate) 
(0.1 M) was the added as an electrolyte in thoroughly deoxygenated, dry dichloromethane 
(Sigma). Scans of ferrocene-capped monolayer films on ITO were performed using a BASi 
Epsilon potentiostat at a rate of 100 mV/s and energy window of 0 – 1.2 eV with respect to the 
reference electrode. Several scans were used to allow for equilibration.  
The grafting density Γ of derivatized ML seeds containing ferrocene was calculated using 
the Randles-Sevcik equation:90 
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𝑖 =  
𝑛2𝐹2
4𝑅𝑇
𝜈𝐴𝛤      (2.3) 
where i is the oxidation or reduction peak area, n is the number of electrons transferred, F is 
Faraday’s constant, R is the gas constant, T is temperature, ν is the scan rate, and A is the 
working electrode area. Using i = 75 µA (from the oxidation peak of Figure 2.18), n = 1 (Fe2+ to 
Fe3+), F = 9.65 × 104 C/mol, R = 8.314 J/K·mol, T = 298 K, ν = 0.1 V/s, and A = 3.75 cm2, then 
Γ = 2.1× 20-10 mol/cm2 or 1.3 nm-2. 
2.5.7 X-ray photoelectron spectroscopy (XPS) measurements 
XPS used to investigate the surface of pristine, initiated, and derivatized ML seeds on 
ITO. A Kratos Axis Ultra Delay-Line Detector (DLD) spectrometer was used for analysis. The 
air-sensitive initiated ML seeds were loaded under dry N2 conditions, separately from the air-
tolerant samples (pristine and derivatized MLs). The samples were then held under a high 
vacuum (< 10-9 torr) for analysis. The X-ray source was a monochromatic Al Kα source (1486.6 
eV). Samples were run without a charge neutralizer. The XPS spectra were corrected to the 
carbon 1s peak for adventitious carbon (BE = 284.6 eV). Doublet peak spacing, relative 
intensities, atomic sensitivity factors, and general species binding energies were from the Kratos 
software and other tabulated sources.73 All background and peak fitting analysis was done in 
Vision software. Shirley backgrounds were applied when appropriate, otherwise linear 
backgrounds were applied. 
High-resolution XPS measurements of all samples were run with a pass energy of 20 eV, 
energy step of 100 mV, and dwell times ranging from 400 – 3200 ms. This data was only used to 
identify species present in films with initiated ML seeds. Quantitative density measurements of 
Au 4f, Br 3d, I 3d, and S 2p in pristine and derivatized ML seeds were run with pass energy = 80 
eV and energy step of 100 mV, with dwell times of 400 for Au, 3200 ms for Br and S and 1600 
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ms for I. A gold foil reference sample (Alfa Aesar, density = 19.2 g/cm3) was sputtered with an 
Ar+ ion gun in the XPS chamber for 10 – 15 minutes to remove adventitious carbon and then 
measured before and after ML samples. ML samples were measured ≥ 3 times in different spots 
to avoid beam damage to the ML film. 
2.5.8 XPS density calculation 
The densities of atoms measured by quantitative XPS were calculated based on a 
previous report,33 using a set of XPS formalisms.91,92 The areal density of a terminal atom in a 




    (2.4) 
where Γ is the peak area of the quantitative XPS scan (Au 4f, Br 3d, I 3d, or S 2p), σ is the 
combined Scofield scattering cross-section of the doublet peaks (Au 4f5/2 and 4f7/2, Br 3d3/2 and 
3d5/2, I 3d3/2 and 3d5/2, S 2p1/2 and 2p3/2),
93 Q is the correction parameter for reduction in 
photoelectron intensity due to elastic scattering,94 L is a function of the asymmetry parameter β 
or βeff for the analyte orbital,
94,95 ρAu is the density of the reference gold foil (58.7 atoms/nm
3), f 
is the fraction of electrons that appear in the main peak for the orbital of interest,96 λ is the 
inelastic mean free path of electrons emitted from Au 4f orbitals (~ 1.6 nm),97–99 t is the scan or 
dwell time, and θ is the scattering angle (detector angle away from sample normal) (0 °). Q = 0 is 
assumed for terminal atoms, where elastic scattering is ignored. L is given by 
𝐿 =  
1−𝛽(3 cos2 𝜓−1)/4
4𝜋
       (2.5) 
where βeff was used instead of β for Au 4f and ψ is the angle between the incident beam and 
detector (60 °). Peak areas are measured at counts per second, canceling out t in eq 2.4. Element- 
and orbital-specific values are given in Table 2.7. Representative spectra and orbital areas are 
shown in the Appendix, Section 2.6. 
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Table 2.7. Quantitative XPS atomic parameters. 
Element and Orbital σ × 1024 (m-2) Q β L f 
Au 4f 23.3  0.922 0.717 0.083 0.84 
Br 3d 3.9 0 1.100 0.085 0.83 
I 3d 45.8 0 1.105 0.085 0.84 
S 2p 2.4 0 1.142 0.085 0.84 
 
2.6 Appendix 
2.6.1 NMR Spectra 
































2.6.2 Quantitative XPS peak intensities 
2.6.2.1 Pristine monolayer seeds 




























2.6.2.2 Derivatized Monolayers 
Entry in Table 2.6 Pristine ML Seed, Catalyst Peak Intensity (cps) 
























































































CHAPTER 3: MORPHOLOGY AND STRUCTURE OF CONJUGATED POLYMER 
BRUSHES1 
3.1 Summary 
The surface features, conjugation length, aggregation, orientation, crystallinity, and 
density of poly(3-methylthiophene) (P3MT) conjugated polymer brush (CPB) films of various 
thicknesses were studied using several microscopic and spectroscopic techniques. These 
properties were combined into a detailed description of CPB morphology and structure, and how 
they change as the films grow. In some cases, P3MT CPB film characteristics were compared to 
spuncast poly(3-hexylthiophene) films, the closest analog to the polymer brush films. 
The P3MT CPB film surface consists of round, column-shaped domains that form 
extremely early in growth, with an average cross-section area (2.3 × 10-3 µm2) and density (200 
µm-2) that are independent of film thickness. The P3MT CPB films contain domains that have a 
conjugation length similar to regioregular spuncast P3HT. As the films grow, regions with 
shorter conjugation lengths form, coinciding with the formation of crystalline domains. The CPB 
films are nominally isotropically orientated at thin (< 10 nm) and thick (> 30 nm) limits, but 
display vertical orientation between 10 – 30 nm thickness. The volume density of P3MT CPB 
films, 3.6 monomers/nm3, is constant throughout growth and the same as the volume density in 
spuncast P3HT films. Using this volume density, the degree of polymerization in P3MT CPB 
 
1Parts of this chapter were reprinted from VonWald, I. A.; Moog, M. M.; LaJoie, T. W.; 
Yablonski, J. D.; DeLongchamp, D. M.; Locklin, J.; Tsui, F.; You, W. J. Phys. Chem. C 2018, 
122 (14), 7586–7596.88 
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films is calculated to be 3 per nm of film thickness. These properties can be tuned in the future 
using synthetic alterations. 
3.2 Introduction 
A large number of techniques are available to characterize the morphology and structure 
of conjugated polymer films.100–102 A subset of these techniques are used below to gain a basic 
understanding of CPB films. The thickness dependence of various morphological and structural 
qualities is particularly interesting, as they give insight to the process and mechanism of growth 
in the CPB films.  
3.2.1 Surface characteristics 
Scanning electron microscopy (SEM) and atomic force microscopy (AFM) are common 
tools for characterizing the surface features in organic semiconductor (OSC) films.23,103,104 SEM 
provides a picture of the surface without any height information, while AFM measures the 
topography of the film surface. AFM images have been presented in many reports characterizing 
CPBs, however the image quality and resolution are typically poor (Figure 3.1).61–63,67 As a 
result, in these reports the AFM images were only used to qualitatively evaluate the CPB film 
surface, not to quantitatively track surface features and topography. 
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Figure 3.1. AFM topography images of poly(3-methylthiophene) CPB films grown by a (a) Ni 
catalyst and (b) Pd catalyst. Reprinted with permission.63 Copyright 2012 WILEY‐VCH Verlag 
GmbH & Co. KGaA, Weinheim. 
 
The height-height correlation function (HHCF) has been used previously to quantify 
surface feature size and shape using AFM topography images.105,106 The HHCF, g(r), between 
two points on a surface separated by radius r is given by  
𝑔(𝑟) =  〈[h(x,y) − h(x',y')]2〉  and    (3.1) 
𝑟 =  √(𝑥 −  𝑥′)2 +  (𝑦 − 𝑦′)2    (3.2) 
where h(x, y) and h(x’, y’) are the heights at the two points with coordinates (x, y) and (x’, y’), 
respectively. The HHCF evaluated at varying r is interpreted by the phenomenological form, 
𝑔(𝑟) = 2𝜎2(1 −  𝑒−(𝑟/𝜉)
2𝛼
)     (3.3) 
where ξ is the correlation length of surface features, α is the Hurst parameter, and σ is the root-
mean-square (RMS) roughness of the surface. The correlation length directly probes the 
characteristic size or separation of surface features. As such, the inverse square of the correlation 
length corresponds to an area density of surface features for the sampled image. The Hurst 
parameter is a measure of short-range roughness with values 0 – 1. Low values correspond to a 
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“jagged” surface, while values close to 1 correspond to more “smooth” hills and valleys. An 
example fitting AFM images of iron phthalocyanine films with the HHCF is shown in Figure 
3.2. In the example, films deposited at higher temperatures exhibit longer correlation lengths (the 
HHCF saturates at longer r), higher roughness (the HHCF saturates at a higher value), and higher 
Hurst parameter (saturation at longer r). 
 
Figure 3.2. Height-height correlation functions for iron phthalocyanine films grown at (a) 64 and 
(b) 156 °C. AFM topography images and chemical structure shown as insets. Reprinted under 
the Creative Commons BY license for IOP Publishing.106 
 
3.2.2 Aggregation 
The photophysics of polymer aggregates, such as the poly(3-alkylthiophene)s (P3ATs) 
characterized here, have been studied extensively, and is understood by the “H-J model” first 
introduced by Spano et al.107–111 In this model, the movement of electronic excitations, or 
excitons, along and across polymer chains are described. Intrachain and interchain interactions 
lead to J- and H-aggregate behavior, respectively, which are inversely related: increasing order 
and conjugation length in polymer films leads to stronger J-aggregate coupling, which decreases 
the H-aggregate coupling between polymer chains. As a result, the H-aggregate coupling 
(interchain exciton bandwidth) decreases as the local order (conjugation length) increases. As the 
H-J aggregate model is complex beyond the scope of this work, a simplification considering only 
Coulombic interactions between small molecules is shown in Figure 3.3. The coupling between 
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the transition dipoles of two neighboring molecules is considered (Figure 3.3a). J-aggregate 
coupling has a lower energy when the molecules are in-phase (k = 0) (Figure 3.3b), while H-
aggregate coupling has a peak in energy at k = 0 (Figure 3.3c). Absorption is only allowed at k = 
0, so the J-(H-)aggregate has a lower (higher) absorption energy than the single molecule case, 
with increasing shifts in absorption energy with coupling strength or energy (Figure 3.3d). 
These absorption shifts, among other implications of the H-J model, are consistent with 
experimental studies of polymer films, such as P3ATs deposited using different methods and 
solvents.112–114 
 
Figure 3.3. H- and J-type aggregation between small molecules. (a) Transition dipole geometry. 
Excitonic energy bands from Kasha (b) J-aggregates and (c) H-aggregates, with insets showing 
respective packing geometries. (d) Resulting ideal absorption spectra for the two aggregates. 
Reprinted with permission.109 Copyright 2017 American Chemical Society. 
 
3.2.3 Orientation 
Polymer chain orientation in conjugated organic polymer films is commonly measured by 
polarizing spectroscopies, such as oblique incidence UV-Vis absorption 
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spectroscopy.23,30,104,115,116 In this technique, samples are tilted with angle φ with respect to the 
incident light, which is polarized in the p or s direction (Figure 3.4a). As shown in the diagram, 
the p polarization couples strongly to the transition dipole along the polymer backbone of the 
vertically oriented polymer chains, while the s polarization couples primarily to the transition 
dipole of horizontally oriented polymer chains. The dichroic ratio, DR, is a measure of the 




     (3.4) 
where Ap and As are the maximum intensity of absorption in the p or s polarized spectra, 
respectively. A higher DR corresponds to more vertical orientation, i.e., a lower ensemble 
average tilt angle θ of monomers from normal. An example of vertical orientation and anisotropy 
is shown in Figure 3.4b, using fluorinated endgroups in poly(3-butylthiophene) to induce 
vertical orientation (structure shown in Figure 3.4c). 
 
Figure 3.4. Polarized oblique angle absorption spectroscopy. (a) Experimental geometry, with 
incident light angle φ from surface normal and average monomer tilt angle θ. The transition 
dipoles of near-vertically oriented monomers is represented by the red ovals. (b) Absorption 
spectra of nonpolarized (black), p-polarized (red), and s-polarized light from a highly 
anisotropic, vertically oriented conjugated polymer film (DR = 7.39), measured using a slab 
optical waveguide with φ = 70°. The structure of the conjugated polymer, poly(3-butylthiophene) 
with fluorinated endgroups, is shown in (c). Panel (b) reprinted with permission.30 Copyright 
2015 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 
 
The DR of an isotropically oriented film measured by polarizing spectroscopy is equal to 
1 in the bulk regime, but not for very thin films less than ~ 100 nm thick measured at oblique 
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angles.115,117 Because of refraction and interference effects at this thin limit, the electric field 
inside the film propagates significantly closer to the surface normal than the incident beam, 
under-sampling the in-plane component of the dielectric function. As a result, the oblique angle 
DR of isotropic films < 100 nm thick is thickness dependent. Furthermore, p-polarized oblique 
incidence light exhibits resonances at the peak in Im[1/ε] of the dielectric function ε at the 
location of the longitudinal optical modes, called the Berreman effect.30,118,119 This causes a blue 
shift in the p-polarized absorption spectrum with respect to the s-polarized counterpart in 
anisotropic films, as observed in Figure 3.4b. 
3.2.4 Crystallinity 
The crystallinity and crystal orientation of conjugated polymer films is an important 
characteristic with a strong but complex influence on charge transport characteristics.101,120 Most 
conjugated polymers form a complicated, semicrystalline microstructure, including amorphous, 
aggregated, and crystalline domains. There have been several reports asserting that higher 
crystallinity and order leads to more efficient charge transport,121,122 however other reports have 
found that enhancements in intramolecular charge transport (e.g., by chain alignment) may play a 
more important role than enhancements in crystallinity.28,123 Given the lack of agreement on the 
exact role of crystallinity on charge transport characteristics, there is still a significant research 
effort to measure and understand the degree of crystallinity, and crystalline orientation, and 
crystal structure of conjugated polymers. 
Crystallinity measurements for conjugated polymer thin films are typically done using 
grazing-incidence wide-angle X-ray scattering spectroscopy (GIWAXS).100–102,120 In GIWAXS 
measurements, an X-ray beam impinges on the sample at a very shallow angle (~ 0.1°), allowing 
sampling and resolution of scattering planes in- and out-of-plane to the sample normal. 
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Compared to conventional X-ray diffraction geometries, GIWAXS enhances the typically weak 
scattering signal from very thin films due to localization of the X-ray intensity in the film. 
Crystalline domains in organic polymer films may adopt three different orientations: 
edge-on, face-on, and end-on (Figure 3.5).  In edge-on, the lamella (a axis, (h00) diffraction 
peaks in GIWAXS) is oriented normal to the substrate, while the π-π stacks (b axis, (0h0) peaks) 
and polymer chains (c axis, (00h) peaks) are parallel the substrate (Figure 3.5a). In face-on 
crystallites, the lamellar and π-π stacking orientations are switched compared to edge-on (Figure 
3.5b), while in end-on oriented crystals the polymer chain is oriented normal to the substrate 
with the lamella and π-π stacks parallel to the substrate (Figure 3.5c). End-on is the preferred 
crystalline orientation for vertical intramolecular charge transport, as it is the only crystalline 
orientation in which charge can travel vertically along the polymer backbone.29 End-on 
orientation is also the most challenging of the three to achieve, as most conventional deposition 
methods for conjugated polymers naturally result in horizontally oriented, semicrystalline 
polymer chains with a mix of edge-on or face-on crystals.23,104,124,125  
 
Figure 3.5. Crystallite chain orientations, using poly(butylthiophene) as an example polymer. 
Reprinted with permission.29 Copyright 2013 American Chemical Society. 
 
The scattering vectors (q) detected by GIWAXS are typically presented in three different 
spectra: 2-dimensional images, out-of-plane and in-plane linescans, and pole scans (Figure 3.6). 
2D images are most convenient for viewing – in Figure 3.6a, the qualitatively edge-on 
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orientation is clear from the primarily out-of-plane (h00) and in-plane (010) features.126 
However, 2D images suffer from sampling artifacts, e.g., in an isotropic film the out-of-plane 
diffraction will have much stronger intensity than in-plane diffraction due to the geometry of 
GIWAXS (Figure 3.6b).101 Linescans avoid the sampling artifacts of 2D images, but do not give 
the full orientational distribution of crystals in the sample. Figure 3.6c shows an example of an 
end-on P3AT polymer film measured by GIWAXS linescans.29 Pole figures integrate over all 
possible crystal orientations, giving a more complete picture of the orientation distribution. The 
example in Figure 3.6d shows broadening in the crystal orientation distribution and an overall 
increase in crystallinity after annealing the polymer film that is indiscernible from a 2D 
GIWAXS image of the same film.127 However, pole figures require more measurement time than 
the other two spectra and only measure one q value at a time. 
 
Figure 3.6. Representative GIWAXS spectra. (a) 2-dimensional image of edge-on P3HT with 
(h00) reflections primarily out-of-plane (along the vertical axis) and (010) reflection primarily 
in-plane (along the horizontal axis). (b) Simulated isotropic 2-dimensional GIWAXS peak. (c) 
Out-of-plane and (d) in-plane linescans of crystallites with primarily edge-on (green), primarily 
end-on (red), and a mixed orientation (purple) observed in poly(3-butylthiophene)s. (e) Pole 
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figure of the (100) diffraction feature (q = 0.4 Å-1), showing a broadening in P3HT crystal 
orientation distribution and increase in crystallinity after annealing. Reprinted with 
permission.29,101,104,127 Copyright 2013, 2015 American Chemical Society. Copyright 2011, 2012 
The Royal Society of Chemistry. 
 
In addition to the orientation of crystals, the scattering vector q of the GIWAXS 
diffraction peaks can be used to determine the crystal unit cell dimensions. The real spacing d of 
a diffraction peak with scattering vector q is given by 
𝑑 = 2𝜋/𝑞.      (3.5) 
For P3ATs, the typical π-π spacing (calculated using q from the (010) peak) is 3.7 – 3.8 Å, while 
the lamellar spacing, calculated from the (100) diffraction peak, depends on the length of the 
alkyl sidechain. With a hexyl sidechain (P3HT), the lamellar spacing is typically 16 –17 
Å,.29,114,125 The 001 or higher order 00h peaks are not typically observed in the GIWAXS spectra 
of organic polymer films due to disorder along the polymer backbone, making an exact 
assignment of crystal structure difficult.102 However, these peaks can be resolved using electron 
diffraction of highly ordered P3HT, obtaining a repeat unit length of c = 7.5 – 7.8 Å, 
corresponding to the distance along two thiophene units.128–130 Using these unit cell dimensions, 
a monoclinic crystal structure for P3HT has been reported, with a density of 1.13 – 1.28 g/cm3 or 
4.1 – 4.6 monomers/nm3 in the crystallites (Figure 3.7a). 
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Figure 3.7. Poly(3-alkylthiophene) crystal structures. (a) Monoclinic P3HT and (b) face-
centered P3MT crystal structures. In (b) each shape represents a monomer in the unit cell, with 
lateral lamella (a axis), vertical π-π spacing (b axis), and polymer chains going into the page (c 
axis). Reprinted with permission.131,132 Copyright 2012 American Physical Society. Copyright 
1998 American Chemical Society. 
 
 Poly(3-methylthiophene) (P3MT) stands out for having a different crystal structure than 
P3ATs with longer sidechains.132,133 X-ray diffraction of P3MT shows reflections with d = 5.13 
and 3.51 Å, corresponding to respective (110) and (020) reflections in a face-centered lattice 
(Figure 3.7b). With this crystal structure, the mass and monomer densities of crystallites in 
P3MT are 1.53 g/cm3 and 9.58 monomers/nm3, respectively, much higher than P3HT. Notably, 
the lamellar spacing (200) was not observed in the diffraction pattern of P3MT, but can be 
derived from the crystal structure as 3.76 Å (compared to 16 – 17 Å in P3HT). The π-π spacing 
(020) is smaller in P3MT than in other P3ATs as well (3.51 Å in P3MT compared to 3.8 Å in 
others). Presumably, the smaller sidechain in P3MT enables a different crystal structure with 
tighter lamellar and π-π packing than other P3ATs.  
3.2.5 Density 
The P3MT and P3HT crystalline densities reported above represent the maximum 
densities these polymers can have. However, most polymer films are semicrystalline, so the 
average polymer density may be far less than the crystalline density. For example, the maximum 
81 
degree of crystallinity in P3HT measured by mass density, solid-state NMR, and GIWAXS is 40 
– 60 %.129,130 These polymers have corresponding mass densities of ~ 1.0 g/cm3. Measuring the 
densities of conjugated polymer films is quite challenging, e.g., GIWAXS only samples highly 
ordered, crystalline portions of the film; solid-state NMR requires a powder sample; and time-of-
flight secondary ion mass spectrometry usually usually gives relative density values.134 
Rutherford Backscattering Spectrometry (RBS) has been used extensively to measure the 
layer composition, segregation, and density in inorganic and hybrid thin films without the need 
for a reference sample.135–139 High energy particles from an incident beam (usually He2+) 
impinge on the sample. Some of the incident particles have elastic collisions with atoms in the 
sample, and backscatter into the detector with lower energy than the incident particles. The loss 











     (3.6) 
where E and E0 are the scattered and incident particle energies, respectively, θ is the scattering 
angle (with respect to incident angle), and r is the sample:incident particle ratio of nuclear 
masses. Heavier atoms in the sample reduce the energy of backscattered particles less than 
lighter atoms – enabling the resolution of different elements in a film by the backscattering 
energy. Incident particles also lose energy as they travel through the sample due to interactions 
with the electrons of nearby atoms. This loss in energy is proportional to the penetrated depth 
and the stopping power ε of the sample matrix, which has been determined and tabulated 
semiempirically for all particle beams in all elemental matrices.139,140 Thus, the depth profile of 
different elemental species in a sample can also be determined using RBS. 
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 The likelihood of an elastic collision between the incident and sample particles is the 











,     (3.7) 
where Z1 and Z2 are the atomic numbers of the incident and sample nuclei and e is elementary 
charge. Thus, the signal from an atom in the sample is directly proportional to its atomic number, 
i.e., heavier atoms have higher RBS intensity. Eq 3.6, 3.7, and other fundamental equations of 
RBS can be combined to give an expression for the areal density, Ns, of atoms of a given element 
in a film: 
𝑁𝑠 =  
𝐴
𝜎𝛺𝑄
 ,      (3.8) 
where A is the integrated signal from the analyte atoms, Ω is the solid angle of the detector, and 
Q is the total number of ions incident to the sample.139 
 Although RBS has mostly been used to analyze inorganic thin films, there are a handful 
of reports that used RBS to characterize organic monolayer or polymer thin films.33,141–145 While 
RBS cannot be used to accurately measured C, O, N, or other light elements in the films, the 
densities of heavier heteroatoms such as S and Br can be measured. In the example shown in 
Figure 3.8, Zn impurities are found in a sample of spuncast P3HT end-functionalized with Br 
atoms. The polymer density was calculated from the areal density of S atoms to be 1.33 g/cm3. 
This value is higher than the crystalline density of P3HT, indicating an error in the measurement 
or calculation. The authors also note that samples exposed to the high energy beam show 
discoloration, an indication of beam damage to the sample. However, no change in the measured 
areal density of S atoms over time was found. The authors propose that the color change was due 
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to photobleaching or other structural changes to the polymer that do not affect the elemental 
composition of the sample, i.e., beam damage was only cosmetic and did not affect the values 
calculated from RBS measurements. 
 
Figure 3.8. High energy region of a RBS spectrum from a spuncast P3HT film. Reprinted with 
permission.144 Copyright 2002 Elsevier B.V. 
 
3.3 Results and Discussion 
3.3.1 Synthesis of poly(3-methylthiophene) conjugated polymer brushes 
Poly(3-methylthiophene) (P3MT) conjugated polymer brush (CPB) films were grown on 
indium tin oxide (ITO) surfaces by surface-initiated Kumada catalyst-transfer polycondensation 
(SI-KCTP), using a phosphonic acid monolayer (M-Br) as the surface anchoring group. The 
regioregularity of these P3MT CPB films cannot be easily verified due to their insolubility, 
however solution-phase KCTP produces regioregular polymers.76 Thus, the P3MT CPB films 
grown by SI-KCTP are assumed to be regioregular as well. Film thicknesses, measured by 
scratch profilometry, ranged from a few nm up to ~ 100 nm. P3MT was selected because dense 
P3MT CPB films have been previously synthesized and used in several applications.63–66 
Pd(PtBu3)2 was selected as the catalyst because it produces a higher grafting density than Ni 
catalysts used to initiate M-Br (shown in Chapter 2), commercial availability, and use in 
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previous synthesis of vertically oriented P3MT CPBs. ITO was selected because of its 
transparency, conductivity, and well-known robust and dense ML formation on ITO using 
phosphonic acids.62,75,146–152 
The formation of P3MT CPBs is illustrated in Scheme 3.1. In the initiation step, the M-
Br pristine ML seeds on ITO are initiated by the Pd catalyst, giving initiated ML seeds with a 
chemical structure characterized in Chapter 2. The Grignard 3-methylthiophene monomer is 
then added, leading to polymerization of the P3MT CPB film. Based on findings in Chapter 2, 
the grafting density of the P3MT CPB film (using Pd to initiate M-Br pristine ML seeds) is 1.3 
nm-2 at the start of polymerization. However, solution polymerization of P3MT was observed 
during SI-KCTP, evidenced by a solution color change from yellow to red, and eventual 
precipitation of insoluble P3MT oligomers over time. This indicates some desorption or chain 
transfer of the catalyst to monomers in solution and a corresponding reduction in grafting density 
during CPB growth. 
Scheme 3.1. Synthesis of P3MT CPB films. 
 
 
3.3.2 Analysis of surface characteristics 
3.3.2.1 Scanning electron microscopy 
The surface structure and morphology of the CPB films were examined qualitatively and 
quantitatively using scanning electron microscopy (SEM) and atomic force microscopy (AFM) 
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images, including the size and shape of surface features and their distributions. The SEM 
characteristics of P3MT CPB films are shown in Figure 3.9. From the zoomed-out images in 
Figure 3.9a, c, and e, the CPB film surface appears to be made up of a dense collection of round 
features 100 – 150 nm in diameter with an underlying polymer network. The zoomed-in images 
in Figure 3.9b, d, and f, show the interpenetrated polymer network more clearly, while the round 
features are not as visible. From both the zoomed-in and zoomed-out images, the round features 
and polymer network becoming more prominent with increasing film thickness, but do not 
appear to significantly change shape or size. Figure 3.9g shows a cross-section of the CPB film, 
with mounds or columns rising far taller than the polymer network under-layer. 
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Figure 3.9. SEM images of (a), (b) 15 nm, (c), (d) 30 nm, and (e), (f) 55 nm thick P3MT CPB 
films. White and black scale bars are 5 and 1 µm, respectively. (g) SEM cross-section of a 15 nm 
thick P3MT CPB film with apparent polymer network and column heights labeled. Green scale 
bar is 500 nm.88 
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3.3.2.2 Atomic force microscopy 
3.3.2.2.1 Single film thickness 
AFM topography images show that the P3MT CPB films are far rougher than spuncast 
P3HT films (Figure 3.10). Although the films shown in Figure 3.10a and b are very similar 
thicknesses (~ 12 nm), the P3MT CPB film has a roughness of 7.2 nm, while the spuncast P3HT 
film has a roughness of only 0.7 nm. The CPB film has very tall columnar features (shown in the 
linescans of Figure 3.10c), or columns, that are absent in the P3HT film. As a result, the height 
histogram for the P3MT CPB film is much wider and right-tailing compared to that of the 
spuncast P3HT film (Figure 3.10d). 
 
Figure 3.10. AFM comparison between P3MT CPB and spuncast P3HT films. (a) P3MT CPB 
film (12 nm thick, RMS roughness 7.2 nm) and (b) spuncast P3HT film (12 nm average 
thickness, RMS roughness 0.7 nm) AFM images. Black scale bars are 1 µm. Height scale for 
both AFM images is given on the left. (c) Representative linescans and (d) height histograms for 
comparison of (a) and (b). Heights in all panels are given with respect to ITO substrate. 
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A more detailed analysis of the P3MT CPB film surface is shown in Figure 3.11. The 
surface of P3MT CPB films clearly consists of round columns with smooth tops, rising above a 
rough polymer network (Figure 3.11a). The heights of the columns vary significantly, with the 
tallest extending well over 100 nm above the surrounding area of the film. These tall columns are 
of particular interest because they provide the sole contact with printed top electrodes in trilayer 
CPB devices (Chapter 4), and are thus primarily responsible for charge transport processes. The 
SEM images in Figure 3.9 are consistent with this description of surface structure, although the 
polymer network is more visible in SEM images than in AFM images. The height histogram of 
the AFM image has a log-normal shape (green histogram in Figure 3.11b), and its corresponding 
cumulative histogram exhibits multiple exponential decays (blue trace in Figure 3.11b). The 
film thickness is defined as the distance between the peak of the ITO height histogram (black 
histogram in Figure 3.11b) and the peak height of the brush. 
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Figure 3.11. Typical AFM topography image of a 15 nm thick P3MT CPB film and its 
characteristic features. (a) 3D rendered AFM image. The yellow, red, and brown dashed lines 
and ribbons correspond to respective heights of 20, 80, and 130 nm. The image dimensions in 
panel (a) are 3 µm × 3 µm, taken from a larger, 10 µm × 10 µm AFM image used to produce 
panels (b) and (c). (b) Histogram of the image (green) in pixel count versus surface height and 
the corresponding normalized cumulative histogram (blue) from the highest point in the image 
(given as % of pixels above a given height or area fraction). The horizontal dashed lines indicate 
the relationship between the heights and respective area fractions. Also shown is the histogram 
of the ITO surface exposed during scratch profilometry of the same film (black). (c) 
Distributions of cross-sectional column area at several area fractions.88 
 
To systematically probe the areal density and cross-sectional area of columns and their 
dependence on column height, these parameters were analyzed using several “threshold heights” 
for a given CPB film AFM image. For each threshold height, there is a corresponding threshold 
surface (i.e., the part of the surface above the height), which contains a certain fraction of the 
film surface area (i.e., pixels in the image), defined as the “area fraction” here. For example, with 
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the 15 nm thick CPB film shown in Figure 3.11, 0.1 % of the surface area is taller than 130 nm 
(brown ribbons and lines), while 1 % (red ribbons and lines) and 10 % (yellow ribbons and lines) 
of the areas are above 80 and 20 nm heights, respectively. Therefore, the threshold height 
corresponding to a small area fraction is used to probe the parameters of tall columns, while the 
larger area fractions are used to analyze the short and the tall columns combined.  
Columns taller than a threshold height were counted to determine the area density of 
columns above the threshold height, while the individual cross-sectional areas of the counted 
columns (defined at a height ¼ of the film thickness below the highest point of the column) were 
measured to produce the area distribution of columns above that threshold height (Figure 3.11c). 
These distributions show that taller and shorter columns, measured at varying area fractions, 
have the same characteristic area. The peaks of the column area distributions are at ~ 2.2 × 10-3 
µm2 with FWHM values of ~ 1 × 10-3 µm2, regardless of the area fraction used. The aspect ratio 
of the columns is ≤ 1, based on ~ 150 nm height and diameter of the tallest columns. 
The HHCF of the P3MT CPB film was also evaluated and fit using eq 3.1, 3.2, and 3.3 
(Figure 3.12). A correlation length, Hurst parameter, and RMS roughness of 90 nm, 0.82, and 
7.1 nm were respectively obtained from the fit. The inverse square of the correlation length, 
corresponding to the areal density of surface features, is ~ 120 µm-2. This density is a rough 
estimate of the column density in this film. The Hurst parameter value indicates smooth surfaces 
on short length scales, consistent with the observed smooth, rounded column tops. The HHCF 
analysis was not performed on the smoother spuncast P3HT films, as the HHCF does not have 
significant physical meaning in the absence of columnar or other significant surface features.  
91 
 
Figure 3.12. Calculated HHCF (red circles) and phenomenological fit (blue trace) for a 15 nm 
thick P3MT CPB film.88  
 
3.3.2.2.2 Thickness dependence 
The column areal density, cross-sectional area, and their distribution were analyzed as a 
function of film thickness using the AFM images. Analogous analyses to those shown in Figure 
3.11 were repeated for films of varying thickness to analyze the thickness dependence of film 
and column height distribution, column areal density, and column cross-sectional area. These 
analyses performed on 32 and 55 nm thick P3MT CPB films are shown in Figure 3.13 and 
Figure 3.14.   
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Figure 3.13. Typical AFM topography image of a 32 nm thick P3MT CPB film and its 
characteristics features. (a) 3D rendered AFM image, with ribbons corresponding to 10 % (red, 
50 nm height), 1 % (green, 73 nm), and 0.1 % (purple, 105 nm) area fractions. The image 
dimensions in (a) are 3 µm  3 µm, taken from a larger, 10 µm  10 µm AFM image used to 
produce (b) and (c). (b) Histogram (green) of an AFM image of the film, and the corresponding 
normalized cumulative histogram (blue) from the highest point in the image. (c) Distributions of 




Figure 3.14. Typical AFM topography image of a 55 nm thick P3MT CPB film and its 
characteristics features. (a) 3D rendered AFM image, with ribbons corresponding to 10 % (red, 
72 nm height), 1 % (green, 89 nm), and 0.1 % (purple, 110 nm) area fractions. The image 
dimensions in (a) are 3 µm  3 µm, taken from a larger, 10 µm  10 µm AFM image used to 
produce (b) and (c). (b) Histogram (green) of an AFM image of the film, and the corresponding 
normalized cumulative histogram (blue) from the highest point in the image. (c) Distributions of 
cross-sectional area of columns at several area fractions.88 
  
The height distribution of P3MT CPB films broadens with thickness, such that the 
FWHM’s of the height histograms are approximately half of the corresponding film thickness 
(Figure 3.15). The width asymmetry saturates to a value of ~ 1.5, indicating significant right-
tailing in P3MT CPB films of all thicknesses. 
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Figure 3.15. Analysis of AFM height distributions from P3MT CPB films of various 
thicknesses. (a) Height distributions. Height is given with respect to the ITO substrate. Average 
film thickness in nm for each film with respect to the ITO substrate is labeled above the 
respective height distribution. A visualization of the distribution asymmetry is given for the 55 
nm thick film. (b) Corresponding width asymmetry and FWHM of the height distributions. The 
red line is a linear fit with a slope of 0.51 ± 0.02.88 
 
While the FWHM’s of P3MT CPB films scales with thickness, the characteristic column 
area and its distribution are nearly independent of film thickness, with an average cross-sectional 
area of 2.3 ± 0.6  10-3 µm2 at 1 % area fraction (Figure 3.16a). The height-dependent column 
areal density exhibits a linear dependence on the area fraction over several orders of magnitude, 
but is independent of film thickness (open symbols in Figure 3.16b). This is consistent with the 
observation of a characteristic column area, as a constant density of columns will always yield 
the same column area at a given area fraction, regardless of the film thickness. The column 
density was extrapolated to 100 % area (i.e., the entire topography image) to yield a value of 200 
± 50 µm-2 as the characteristic areal density of columns in the P3MT CPB films. Note that the 
spread of density values for films of different thicknesses at low area fractions (≤ 1 %) is likely 
the result of low sampling statistics of columns at those area fractions. 
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Figure 3.16. Characteristic column parameters as a function of P3MT CPB film thickness. (a) 
Column cross-sectional area evaluated at 10 % area fraction. Error bars correspond to the width 
of the corresponding area distribution. (b) Log plot of column density measured at various area 
fractions (open symbols) and that obtained from the height-height correlation function analysis 
(closed symbols). Films of different thicknesses are distinguished by symbols. The dashed line is 
a guide for the eyes to show linearity between column density and area fraction.88 
 
HHCF analysis of P3MT CPB films of varying thicknesses produced thickness 
independent values for the correlation length and Hurst parameter, with respective values of 70 ± 
20 nm and 0.71 ± 0.08. The roughness values obtained from the HHCF fits scale linearly with 
film thickness, consistent with the linear increase in FWHM of the film height distributions with 
film thickness. The results of this analysis are shown in Table 3.1. The density obtained from the 
inverse square of the average correlation length for all films is 200 ± 60 µm-2. This value from 
the HHCF analysis coincides with the extrapolated values from the column density analysis, 
indicating quantitative consistency between the two analyses. The thickness independence and 
value of the Hurst parameter indicates that the smooth, rounded column tops are retained 
throughout growth. 
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8 85 ± 1a 0.73 ± 0.04a 5 ± 1a 
15 90 ± 1 0.82 ± 0.01 7.1 ± 0.1 
18 66 ± 1 0.69 ± 0.01 7.1 ± 0.1 
32 62 ± 1 0.68 ± 0.01 10 ± 1 
56 51 ± 1 0.59 ± 0.03 15 ± 2 
68 52 ± 1 0.74 ± 0.01 17 ± 1 
Average 70 ± 20b 0.71 ± 0.08b - 
aUncertainty associated with empirical fit. bStandard deviation of the mean. 
 
 The agreement between the column analysis and HHCF analysis indicates that the 
parameters extracted by both originate from the same features on the surface of the P3MT CPB 
films. The columns therefore do not just account for the long tail in the right side of height 
distributions of these films, but instead comprise a significant portion of the surface area in 
P3MT CPB films. Therefore, it is reasonable to interpret that the height distribution of columns 
resembles the surface height distribution of the films, with column heights ranging from well 
above to below the nominal film thickness. 
3.1.1.1.1 Very thin P3MT CPB films 
The shortest P3MT film analyzed in the analysis above was 6 nm thick. Using very short 
growth times (i.e., seconds instead of hours), the formation of columns in P3MT CPB films early 
in growth was tested. There was very little difference between much of the very thin P3MT CPB 
film surface and a clean ITO substrate (Figure 3.17). The morphology of the ITO substrate was 
visible in the very thin P3MT CPB film, and the polymer network was not clearly identifiable. 
However, there were still tall columns up to 60 nm tall in the P3MT brush film, indicating that 
columns form extremely early during growth. 
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Figure 3.17. AFM characteristics of a very thin P3MT CPB film. (a) P3MT CPB film grown for 
30 seconds (average thickness ~ 4 nm, RMS roughness = 1.4 nm) and (b) clean ITO substrate 
(RMS roughness = 0.6 nm). White scale bar is 2 µm.  
 
3.3.3 Analysis of conjugated polymer brush film morphology and structure 
The aggregation, orientation, crystallinity, and density of P3MT CPB films were 
characterized as a function of film thickness using normal incident UV-Vis spectroscopy, 
polarized oblique angle UV-Vis spectroscopy, GIWAXS, and RBS. 
3.3.3.1 Normal incidence UV-Vis spectroscopy 
Normal incidence UV-Vis spectroscopy characterization of the CPB films revealed that 
the P3MT films contain relatively ordered and disordered domains that change with thickness. 
There were two features at ~ 610 and 490 nm present in all films, and a third feature at 415 nm 
that was present in films ≥ 30 nm thick (Figure 3.18a). In comparison, spuncast regioregular 
P3HT (RRe-P3HT) has relatively red-shifted absorbance features with constant relative 
intensities regardless of thickness (Figure 3.18b). The total integrated absorbance of both P3MT 
CPB films and spuncast P3HT films increased linearly with film thickness, with nearly identical 
fits (Figure 3.18c). The linear relationship between total absorbance and film thickness is an 
indirect indication of constant volume density in both P3MT CPB and spuncast P3HT films.  
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Figure 3.18. Normal incidence absorbance spectra of (a) P3MT CPB and (b) spuncast 
regioregular P3HT films of various thicknesses. (c) Integrated absorbance of spectra in panels (a) 
and (b). Linear fit for P3MT (P3HT) has a slope of 1.1 ± 0.1 (1.074 ± 0.002) nm-1 and intercept 
of 5 ± 3 (10.1 ± 0.1). (c) Absorbance spectra of P3MT CPB and spuncast regioregular and 
regiorandom P3HT films of 32 nm thickness (normalized absorbance).88 Panel (d) reprinted with 
permission.153  
 
The onset of absorption for P3MT CPB films is the same as RRe-spuncast P3HT (red 
trace in Figure 3.18d). This low energy feature in P3MT CPBs reflects a portion of the film that 
has weak H-aggregate coupling (~ 0.1 eV), and order similar to RRe-P3HT (persistence length ~ 
3 nm).154 The main feature in P3MT CPB films, (490 nm), implies a shorter local conjugation 
length similar to regiorandom P3HT (RRa-P3HT, green trace in Figure 3.18d) through most of 
the P3MT CPB films (persistence length ~ 1 nm). 
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 Thick P3MT CPB films are especially notable in the appearance of a strongly blue-
shifted absorption feature compared to the P3HT films, at 415 nm (Figure 3.18a). This feature 
indicates that some chromophores (i.e., domains) in the films possess short conjugation units 
with much stronger H-aggregate coupling than regioregular or regiorandom P3HT. 
Pentathiophene exhibits λmax ~ 420 nm in solution (J-aggregate type), while the nanoaggregate 
H-aggregate type has λmax ~ 380, implying a 0.3 eV H-aggregate coupling.
155 The blue shift in 
P3MT CPB films from 450 to 415 nm indicates an H-aggregate coupling of 0.25 eV, consistent 
with the coupling and short conjugation length observed in pentathiophene. Furthermore, the 
prevalence of the high energy absorption feature in P3MT CPB films increases with thickness, 
indicating the formation of increasingly disordered material at film thicknesses > 30 nm. 
3.3.3.2 Polarized oblique angle UV-Vis spectroscopy 
Optical anisotropy in the P3MT CPB films was investigated using polarized UV-Vis 
spectroscopy. First, the isotropy of the P3MT CPB films normal to the substrate was checked 
using polarized absorption measurements at normal angle (angle of incidence, φ, from Figure 
3.4, is 0°). As shown in Figure 3.19, the p- and s-polarized absorption are identical at all 
thicknesses, corresponding to DR = 1. This indicates that the P3MT CPB films are isotropic in 
the plane of the substrate, i.e., the films lack preferential orientation in the XY-plane.  
 
Figure 3.19. Polarized, normal incidence absorbance spectra of P3MT CPB films, with average 
film thicknesses and polarization as labeled.88 . 
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Next, the polarized absorbance measurements were performed at an oblique incident 
angle of 60° to investigate anisotropy out-of-plane to the substrate, i.e., vertical anisotropy, in the 
P3MT CPB films (Figure 3.20). At this angle, the p (s) polarization couples to vertically 
(horizontally) oriented chains, and the DR of P3MT CPB films of various thicknesses was 
calculated. The film thickness dependent DR exhibits three distinct regimes (Figure 3.20a): (i) a 
value of ~ 0.6 for thickness < 10 nm, (ii) an increase between 10 and 30 nm thickness to a 
maximum of ~ 1.2, and (iii) a decrease in films > 30 nm thick to a value just greater than 1. The 
peak position (λmax) of the oblique incidence absorption spectra also has a polarization and 
thickness dependence. In regime (i), the polarized spectra in thin P3MT CPB films (< 10 nm) do 
not exhibit any difference in λmax (Figure 3.20b). As film thickness approaches 30 nm (regime 
(ii)), the p-polarized spectrum exhibits a blue shift compared to the s-polarized spectrum (Figure 
3.20c). In much thicker films (regime (iii)), the λmax is blue shifted and at the same energy for 
both spectra (Figure 3.20d). 
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Figure 3.20. Polarized, oblique angle absorbance measurements of P3MT CPB films. (a) 
Thickness-dependent dichroic ratio with distinct growth regimes as labeled. Also shown are 
experimental and modeled DR values for nominally horizontal, isotropic, and vertical 
orientations (colored traces). (b) – (d) Polarized absorbance spectra of 10, 30, and 90 nm thick 
P3MT CPB films, respectively, taken at 60° incidence.88 
 
 The thickness-dependent values of DR for horizontal, isotropic, and vertical orientation in 
spuncast P3HT films < 100 nm thick were modeled to provide a comparison point for the 
thickness-dependent DR in P3MT CPB films. These values are shown in Figure 3.20a as colored 
traces. The thin P3MT CPB films in regime (i) are nominally isotropic with surface normal tilt 
angle θ ~ θiso = 54.7°. The increase in DR observed in regime (ii) as films grow to 30 nm 
thickness indicates a slight preference of the polymer chains towards vertical orientation (θ < 
θiso). In regime (iii), thick films with a DR ~ 1 are nearly isotropic again (θ ~ θiso). The relative 
blue shift in the p-polarized spectrum compared to the s-polarized spectrum observed only in 
regime (ii) is due to the Berreman effect in anisotropic thin films. This is consistent with the 
observed DR: nominally isotropic orientation in very thin and thick films, with a slight 
preference toward vertical anisotropy at intermediate (~ 30 nm) thickness. 
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3.3.3.3 Grazing incidence wide-angle X-ray scattering measurements 
GIWAXS measurements on P3MT CPB films of 30 and 120 nm thickness detected 
polycrystalline diffraction arcs at scattering vector q = 1.2 and 1.8 Å-1 (Figure 3.21a, b). 
Measurement of thinner films yielded negligible diffraction intensities at the same q values 
(Figure 3.21c, d). The two arcs are assigned to the (020) and (110) reflections, respectively, 
based on the previously proposed crystal structure with staggered sheets.132 Using the q vectors, 
the proposed crystal structure, and eq 3.5, the π-π and lamellar spacing d values were calculated 
as 5.1 and 7.5 Å, respectively. The mass and monomer densities of crystalline domains in the 
P3MT CPBs are 1.56 g/cm3 and 9.8 monomers/nm3, respectively. A c-axis spacing of 7.5 Å 
along the polymer chain was used to calculate these densities, corresponding to the repeat 
distance along two 3-alkylthiophene monomers.129 The P3MT CPB crystal unit cell spacing 
values and densities characterized here are identical to the previous literature report.132 As 
expected, the density of P3MT crystallites was found to be much higher than the reported values 
for  P3HT crystallite density (monomer volume density of 4.1 – 4.6 nm-3); presumably the 
shorter sidechains in P3MT enable tighter packing than in P3HT. 
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Figure 3.21. 2-D GIWAXS images of P3MT CPB films, with average film thickness as labeled. 
Signal intensity is given by the color scale bar. The black region is the “missing wedge” that 
arises due to constraints in the GIWAXS geometry. White lines in the spectra are missing data 
due to the structure of the detector. Features at q = 1.2 and 1.8 Å-1 are attributed to diffraction 
from P3MT. Other features are attributed to diffraction from the ITO substrate, e.g., the (222) 
reflection at 2.1 Å-1.88,156 
 
Pole figures were measured for q = 1.2 and 1.8 Å-1 (Figure 3.22). The two lattice vectors 
are orthogonal to the chain axis and exhibit a nearly isotropic distribution with slight horizontal 
texture. Specifically, the (110) features in 33 and 100 nm thick films exhibit minor preference for 
orientation ~ 30° from surface normal (Figure 3.22a), while the (020) features in the same films 
exhibit some preference for orientation ~ 45° from surface normal (Figure 3.22b). 
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Figure 3.22. GIWAXS pole figures of P3MT CPB films. Measurements were taken at (a) 1.2 
and (b) 1.8 Å-1, corresponding to the (110) and (020) diffraction features, respectively. Gaps are 
due to detector structure. Diffraction intensities are detected for films ≥ 30 nm thick. Dashed 
lines indicate the expected behavior of isotropic systems.88 
 
3.3.3.4 Rutherford Backscattering Spectrometry 
The volume densities of P3MT CPB and spuncast regioregular P3HT films of various 
thicknesses were measured using RBS. Representative spectra from P3MT and P3HT films are 
shown in Figure 3.23. The area of the peaks at 1225 eV, corresponding to the S atom in the 
thiophene monomer, was fit to obtain the areal and volume density of monomers in the films. 
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Figure 3.23. RBS spectra of a P3MT CPB film (blue trace, 12.1 ± 0.2 nm thick, RMS roughness 
7.2 nm) and spuncast P3HT film (red trace, 12 ± 2 nm average thickness, RMS roughness 0.7 
nm) on 60 nm thick ITO (quartz backing). Inset shows an expanded view of the S peak with 
P3MT and P3HT areal densities of the fit S peak are 74 ± 37 and 39 ± 34 nm-2, respectively. 
 
The substrate used for most RBS samples was 60 nm ITO on quartz backing (as opposed 
to 145 nm ITO on glass for other samples), to avoid interference from impurities in the glass 
backing (e.g., Ca), and to resolve the sample Br peak from the ITO substrate In and Sn peaks. 
The grafting density of P3MT CPB films on the 60 nm ITO substrates was found to be 1.2 ± 0.2 
nm-2, within error of the grafting density on 145 nm ITO substrates (1.2 – 1.3 nm-2). The surface 
of P3MT CPB films grown on 60 and 145 nm ITO was also qualitatively the same, indicating 
that there is no difference between P3MT CPB films grown on either of the two substrates. 
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In principle, RBS can also be used to track monolayer density using the P peak at 1190 
eV in M-Br monolayer or P3MT CPB films, or the Br peak at ~ 1680 eV in M-Br monolayer 
films. The Br peak from P3MT CPB samples could also be tracked to gain insight into the 
growth mechanism. However, RBS measurements of M-Br monolayer films did not yield 
sufficient signal to noise ratios at these peaks for quantification. The P peak was included in the 
fit of P3MT CPB RBS spectra (blue trace, inset of Figure 3.23), however the peak was not 
separately quantified because it had too low of a signal to noise ratio and was convoluted with 
the substrate Si and polymer S peaks. The Br peak from P3MT CPB films was only partially 
resolved from the substrate peaks, with insufficient signal-to-noise for quantification. 
The change in the RBS S peak was tracked as a function of thickness in the P3MT CPB 
and spuncast P3HT films (Figure 3.24). The S areal density of both types of films displayed a 
linear dependence on film thickness, with constant monomer volume densities of 3.6 ± 0.7 and 
3.6 ± 0.5 monomers/nm3 in P3MT and P3HT films, respectively. The volume densities were 
extracted from the slopes of linear fits in Figure 3.24 without any further calculations. The 
constant volume density with thickness is consistent with the finding above that the integrated 
absorbance in both of these types of films also increases linearly with film thickness. 
Additionally, the nearly identical volume densities between P3MT CPB and spuncast P3HT 
films reflects a preference for these P3AT polymers to adopt the same characteristic volume 
density despite having significantly different sidechain lengths and deposition methods (i.e., 
polymer brush growth versus spincasting). 
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Figure 3.24. Thickness-dependent S areal density in P3MT CPB and spuncast P3HT films. 
Horizontal error bars represent the standard deviation from ≥ 3 profilometry scans. Vertical error 
bars represent the 95 % confidence interval from the error of the fit. The linear fit of P3MT 
(P3HT) has a slope of 3.6 ± 0.7 (3.6 ± 0.5) S atoms/nm3 and intercept of 6 ± 19 (9 ± 19) 
atoms/nm2. 
 
Although the monomer volume density of the P3MT CPB and spuncast P3HT films are 
identical, the mass densities of the two film types are not identical. Because P3MT has a much 
shorter sidechain than P3HT, the mass density of P3MT CPB films (0.6 ± 0.1 g/cm3) is much 
lower than that of spuncast P3HT films (1.0 ± 0.1 g/cm3). Therefore, the P3MT CPB films have 
much more empty volume and porosity than spuncast P3HT films. This result is consistent with 
the column and network features found in surface characterization of P3MT CPB films, which 
appears to be much more porous than the dense-looking, featureless surface of spuncast P3HT 
films (Figure 3.10). As expected, the monomer and mass volume density values for P3MT CPB 
and spuncast P3HT films are below the crystalline densities reported here using GIWAXS and 
elsewhere. The absolute and relative crystallinities of P3MT and P3HT cannot be estimated 
without a reference material with known crystallinity and density.101 
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 The volume density obtained from RBS enables the calculation of the average P3MT 
CPB degree of polymerization and molecular weight. The average degree of polymerization DP 




 ,    (3.9) 
assuming that the grafting density measured by derivatization of initiated ML seeds is constant 
throughout growth. A P3MT brush DP of 3 ± 1 nm-1 was calculated using the volume density of 
3.6 ± 0.7 monomers/nm3 and grafting density of 1.2 ± 0.2 nm-2 on the 60 nm ITO substrates. The 
molecular weight of the CPB at a given film thickness is the product of the DP and monomer 
molecular weight (96.15 g/mol for 3-methylthiophene monomer, C5H4S). For example, at 10 nm 
thickness the CPB film has an average DP of 30 ± 10 and molecular weight of 3000 ± 1000 
g/mol. Since some polymerization in solution was observed during P3MT CPB film growth, 
there was likely some desorption of catalyst, leading to loss of grafting density. Thus, the DP and 
molecular weight calculated from eq 3.9 is a lower limit, as the actual grafting density during 
growth is likely lower than the value measured by derivatization of initiated ML seeds.  
 Damage to samples exposed to the high energy He2+ beam during RBS measurements 
could reduce the detected areal density of S atoms over time. A visual change in samples 
exposed to the beam supports the possibility of beam damage to the samples (Figure 3.25a). To 
check for beam damage during RBS measurements, sample measurements were separated into a 
series of runs, with each comprising ~ 100,000 total counts. The intensity of the S peak with 
compared to the substrate signal did not change with increasing counts in either P3MT CPB or 
spuncast P3HT films, indicating that exposure to the beam did not cause change the elemental 
composition of the films (i.e., no beam damage) (Figure 3.25b). The visual change in the 
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samples may have been caused by a loss in light absorption due to photobleaching by the beam 
(i.e., loss of conjugation). 
 
Figure 3.25. Analysis of beam damage in polymer films exposed to the RBS beam. (a) 
Photograph of a 200 nm thick spuncast P3HT sample after RBS beam exposure. (b) Ratio of 
total counts from elements in the polymer (S) and quartz substrate (Si) over several continuous 




Using the complementary techniques and analysis above, a comprehensive picture of the 
structure and morphology of P3MT CPB films emerges. At the initial stage of growth (< 10 nm 
thickness, regime (i)), polymer chains grow with moderate conjugation length (weak H-
aggregation and absorption onset at ~ 610 nm) and isotropic orientation. Self-supporting, round 
columns form very early in growth, with a characteristic density, size, and height distribution 
matching that of the film as a whole. There is an upward tilt on the local molecular scale between 
10 – 30 nm (regime (ii)), as the columns and underlying polymer network continue to grow. As 
chain growth continues beyond > 30 nm film thickness (regime (iii)), stronger H-aggregates form 
between short conjugation units. These strongly aggregated domains may correlate to the 
crystalline regions detected by GIWAXS. These aggregates dominate the absorption spectrum in 
thick films, and have a nearly isotropic orientation. As the columns grow taller, their cross-
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sectional areas remain constant, while the column height distribution scales with film thickness. 
Throughout growth at all thicknesses, the overall density of the polymer brush film remains 
constant, with an average density of 3.6 ± 0.7 monomers/nm3 and degree of polymerization of 3 
nm-1 of film growth. 
 The observed tendency toward more isotropic orientation for films > 30 nm thickness 
may be the result of two factors. First, the columns gain an aspect ratio greater than 1, giving rise 
to a tendency to form more tilted domains as they become less self-supporting. Second, 
desorption of the Pd catalyst into solution may reduce the number and density of propagating 
chains in thicker films. This drop in grafting density results in greater average distance between 
growing chains and a corresponding decrease in vertical orientation, as is well-known in non-
conjugated polymer brushes.49 
There is no direct evidence for why or how the columns form, however they are likely 
held together by strong intermolecular attraction between π-stacks of nearby polymer chains. In 
turn, the intermolecular interactions play a significant role in determining film properties such as 
surface structure, conjugation length, aggregation, orientation, crystallinity, and density. Models 
of polymer brushes developed by Flory and contemporary researchers do not account for 
aggregation and crystallinity between polymer chains. Thus, the challenging prospect of 
modeling the morphology and growth of polymer chains in the CPB film by simulations is 
beyond the scope of this work. It is possible that agglomeration of polymer chains occurs 
randomly between nearby chains that happen to be growing quickly. The addition of more 
polymer chains into the column is likely cumulative – that is, polymer chains are more likely to 
stay in columns than grow outside of the column once they join the group. The underlying 
polymer network may be formed by the polymer chains that did not join a column. However, 
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given that the network appears grows in prevalence with increasing thickness, it is also possible 
that the network is made up of polymer chains that eventually leave the column domains as they 
become less self-supporting at the maximum aspect ratio of ~ 1. 
Finally, although the mechanism of column formation in the CPB films is still unknown, 
the presence of a characteristic column density and cross-sectional area is likely the result of the 
specific set of synthetic conditions used to grow the CPB films studied here. It is likely that the 
characteristic P3MT CPB structures may be tunable by varying synthetic parameters, such as 
temperature, stirring, catalyst, monomer regioregularity and substitution, solvent or thermal 
annealing, and monolayer structure and density. The findings presented here therefore provide 
the means and impetus for future explorations into the interplay between synthetic conditions 
and controlled structure and morphology in CPB films. 
3.5 Experimental 
3.5.1 Monomer precursor synthesis 
 
 To a solution of 3-methylthiophene (9.8 g, 100 mmol) in acetic acid (50 mL), N-
bromosuccinimide (16.9 g, 95 mmol) was added portion-wise while stirring. The exotherm was 
cooled using an ice bath, then the reaction was stirred for 2 hours at room temperature. During 
this time the reaction color changed several times, from light yellow, to brown, to green, to 
yellow. The solution was quenched with water, extracted with dichloromethane three times, and 
dried using MgSO4. The solution was concentrated under vacuum and used for the next step 
without further purification. 
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 Iodine (12.1 g, 48 mmol) and iodobenzene diacetate (15.3 g, 48 mmol) were stirred in 
dichloromethane for 30 minutes. Then the product of the first reaction (17.6 g, 100 mmol) was 
added. The solution was stirred for overnight at room temperature, during which the solution 
color changed from purple to orange. The resulting solution was poured over a saturate sodium 
thiosulfate solution, washed with 1 M NaOH and brine, dried with MgSO4, and concentrated. 
The remaining red oil was distilled under vacuum (~ 500 mTorr). The first fraction of a clear and 
colorless oil was collected at 70 °C. NMR studies showed that this was primarily iodobenzene. A 
second fraction was boiled was collected at 85 °C, yielding an orange viscous oil. This oil was 
flashed through a column of silica gel using hexanes to remove the color, giving the product, 2-
bromo-5-iodo-3-methylthiophene, as a light yellow oil (13.2 g, 43% yield over two steps). The 
product was kept in the dark under vacuum at 5 °C until used for polymerization. 1H-NMR 
(CDCl3) δ 6.97 (s, 1 H), 2.18 (s, 3 H). 
3.5.2 Grignard monomer formation 
 
2-bromo-5-iodo-3-methylthiophene (1.5 g, 5.0 mmol) in THF (30 mL) was cooled to 0 °C while 
stirring. Isopropylmagnesium chloride (2.2 mL, 2 M in THF, 4.4 mmol) was added dropwise. 
The resulting Grignard monomer solution (0.15 M) was stirred at 0 °C for a half hour, room 
temperature for a half hour, then used immediately for polymerization of conjugated polymer 
brush films. 
3.5.3 Conjugated polymer brush synthesis 
ITO slides (145 nm thick on glass) were functionalized with the M-Br pristine ML seeds 
as described in Chapter 2. Typically, polymer brush growth was done in groups of up to 8 films 
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simultaneously in a staining dish. Pd(PtBu3)2 (Strem Chemicals) (153 mg, 0.3 mmol) was 
dissolved in toluene (30 mL, 10 mM solution) in the staining dish. The ITO slides functionalized 
with M-Br pristine ML seeds were immersed in the solution and left for 3 hours at 70 °C. The 
initiated ML slides were rinsed thoroughly with toluene and THF, and then immersed in the 
Grignard monomer solution at 40 °C. At various time points ranging from 30 seconds to 32 
hours, the slides were removed and rinsed in toluene and THF. The slides were then taken out of 
the glovebox and sonicated in chloroform, water, and isopropyl alcohol for 30 seconds each, 
yielding CPB films of various thicknesses. 
  P3MT CPB films for RBS studies were grown on 60 nm thick ITO with a quartz backing 
(1 in. × 1 in., 60 nm sputtered ITO on quartz, resistivity 20 Ω/sq, purchased from Thin Film 
Devices, Inc.) by the same method as above using 145 nm thick ITO on glass. The M-Br pristine 
ML seed density and grafting density on the 60 nm thick ITO substrates was measured by the 
same method as pristine and thiophene-derivatized ML seeds on 145 nm thick ITO. These 
experiments yielded an M-Br pristine ML density of 2.5 ± 0.2 nm-2 and grafting density of 1.2 ± 
0.2 nm-2 on the 60 nm thick ITO. The M-Br pristine ML seed 113ensity on 60 nm thick ITO is 
lower than on 145 nm thick ITO (3.36 ± 0.07 nm-2), possibly due to incomplete island formation 
in the microstructure of the thinner ITO (Figure 3.26). However, the grafting density from 60 
nm thick ITO is the same as on 145 nm thick ITO, and the resulting brushes had an 
indistinguishable surface morphology by AFM. Thus, P3MT CPB films grown on 145 and 60 
nm thick ITO were assumed to be the same. 
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Figure 3.26. AFM topography images of ITO films. (a) 60 nm thick ITO film on quartz (RMS 
roughness = 0.5 nm) and (b) 145 nm thick ITO film on glass (RMS roughness = 0.6 nm). White 
scale bar is 2 µm. 
 
3.5.4 Spuncast poly(3-hexylthiophene) film preparation 
Regioregular P3HT (Rieke Metals, Mn = 20 kg/mol, Đ = 2.24, 86% HT) or regiorandom 
P3HT (Rieke Metals, Mn = 23 kg/mol, Đ = 2.05, 58% HT) were spuncast at various speeds (300 
– 3000 rpm) from chlorobenzene solutions of the appropriate concentrations (3 – 15 mg/mL) 
onto cleaned 145 or 60 nm thick ITO slides. The films were used without annealing and stored in 
the dark under inert atmosphere (< 1 week). 
3.5.5 Scanning electron microscopy and atomic force microscopy 
3.5.5.1 Measurements 
SEM measurements were performed using a Hitachi S-4700 Field Emission SEM. AFM 
measurements were performed using an Asylum Atomic Force microscope (Asylum MFP-3D, 
Asylum Research). Tapping-mode topography images were taken using silicon cantilevers 
(Tap300Al-G, BudgetSensors) with a force constant of 40 N/m and a resonance frequency of 300 
kHz. All scans were performed at a scan speed ≤ 25 µm/s at 512 × 512 pixel resolution. The 
integral gain was kept as high as possible, ~ 15 – 20, to get the best tracking of surface 
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topography without causing oscillating artifacts in the scans. The set point was kept as high as 
possible, usually ~ 800 mV, to preserve the cantilever tip. 
There was a noticeable decline in P3MT CPB surface feature resolution, typically after 1 
scan with a new tip. This is likely due to blunting of the AFM tip by the rough and complex 
surface topography of the P3MT CPB films. Because of this, a new AFM tip was used every 1 – 
2 scans on P3MT CPB films. A new tip was used every 3 – 4 scans on the smoother spuncast 
P3HT films. 
To determine P3MT CPB and spuncast P3HT film thickness, films were scratched with a 
20-gauge steel needle, and the scratched step was imaged (20 × 20 µm) using the AFM (Figure 
3.27). The raw image was flattened (first-order flatten) by masking the polymer brush portion of 
the image and any tall features still present on the scratched ITO substrate portion. The average 
thickness was defined here as the height difference between the peak of the sampled ITO region 
height histogram and the peak height in the histogram of the sampled brush region (peak-to-peak 
distance). 
 
Figure 3.27. Scratch profilometry on a 40 nm thick P3MT CPB film. (a) AFM topography image 
with the sampled regions for polymer brush (red box) and ITO (purple box). Black scale bar is 1 
µm. (b) Corresponding height histograms.88 
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Analysis of P3MT CPB film topography generally used 10 × 10 µm images that did not 
include a scratch. These images were flattened by masking any tall features in the image and 
applying a first- or second-order flatten. The height-height correlation function was generated 
and fit to these topography images using eq 3.1 – 3.3. 
3.5.5.2 AFM column cross-sectional area analysis 
The cross-sectional area of columns in P3MT CPB films was measured a fixed height 
below the highest point of each column (Figure 3.28). For the analysis presented here, the fixed 
height was chosen to be ¼ of the film thickness. Measurement of the column area too much 
further down the column (e.g., half of the film thickness) or at the very top of the columns does 
not yield reliable results based on several considerations. First, the columns appear to be 
connected at the bottom of the film by a polymer network that is above the ITO surface, as 
shown in SEM and AFM images. Because the columns are densely packed and often very tall 
compared to the bulk film, the base of each column, the heights of the columns above the 
underlying polymer network, and the spaces between columns, are not completely resolved by 
the AFM measurements. As a result, when using the height from the ITO surface to the highest 
point to define column heights, the half-height for many of the columns is below the resolved 
height level, which would cause erroneous estimates of column area. 
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Figure 3.28. Depiction of column cross-sectional area determination. Linescan taken from an 
AFM image of a 15 nm thick P3MT CPB film. Reprinted with permission.69 
 
However, finding the correct threshold to measure column cross-sectional area is 
difficult. Since the columns have rounded tops, measuring too close to the top would 
underestimate the area. Due to measurement artifacts with the AFM tip geometry, as the columns 
sides become steep, they are no longer fully resolvable by the AFM, and so their cross-sectional 
area is overestimated if measured too far down the columns. If the areas of columns were 
measured right at the various height thresholds to identify columns, the same column may yield 
different areas at different height thresholds (i.e., at 10 % area fraction a column would appear 
shorter than the same column at 1 % area fraction). Columns of significantly different heights 
may also erroneously appear to have different cross-sectional areas in this scenario (i.e., the 
cross-sectional area of columns would be convoluted with the column height).  
Therefore, a reasonable choice to normalize the comparison of columns in the same or 
different films would be to identify columns above a certain height threshold using area 
fractions, then use a fixed height below the column peaks to measure the column cross-sectional 
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area, between the heights that would result in over/underestimation of the area. ¼ of the film 
thickness is a natural choice for this height, as it corresponds to roughly the half-width at half-
maximum of the distribution for CPB films of all thicknesses. 
3.5.6 UV-Vis measurements and analysis 
3.5.6.1 Measurements 
Normal incidence UV-Vis absorbance spectra of P3MT CPB and spuncast P3HT films 
were measured using a Shimadzu UV-2401PC spectrophotometer. Polarized variable angle UV-
Vis spectra were measured using a Thorlabs CCS200 spectrometer. Unpolarized light from a 
UV-Vis/NIR lightsource (DH-2000-BAL, Ocean Optics) was sent through a polarizing prism 
(GT5-A, Thor Laboratories) in either the vertically (p) or horizontally (s) aligned polarization, 
while the sample mount was rotated with respect to incident light: 0° for normal incident 
polarized measurements or 60° for oblique angle measurements. Prior to the polarized 
measurements for each film, an unpolarized reference spectrum of each film was measured at 
normal incidence to confirm that spectra recorded with either set up were the same. Absorbance 
A was calculated as 
𝐴 =  log
𝑇
𝑇0
 ,      (3.10) 
where T and T0 are the transmission intensities at a given angle through an ITO substrate with or 
without a P3MT or P3HT film on top (i.e., sample or blank), respectively.  
3.5.6.2 Model for Polarized, Oblique Incidence Absorption Spectra  
Quantitative analysis of the polarized, oblique incidence absorption spectra of P3MT 
CPB films shown in Figure 3.20 requires numerical solutions of the anisotropic Fresnel 
equations. Simplified alternative treatments in the zero film thickness limit (or based on oriented 
molecular dipoles) omit two important physical phenomena, making them inadequate for 
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modeling P3MT CPB films.157 First, simplified treatments ignore interference effects that give 
rise to a pedestal in absorbance from the reflectivity, causing the absorbance to deviate from 
Beer’s law due to the thickness dependence of the standing wave inside the film. This gives rise 
to waveguided modes that allow some sensitivity to nominally forbidden transitions (e.g., 
longitudinal phonons via the Berreman effect).118,119 Second, these treatments ignore refraction 
effects that cause the internal propagation vector to be oriented more along the surface normal 
than the incidence vector, limiting the sensitivity to transition dipoles in the surface plane.30 
The Fresnel equations for layered, anisotropic media can be readily solved by matrix 
transfer techniques.158 We used readily available ellipsometry analysis software (WVASE32, JA 
Woollam) to model the solutions of these equations in spuncast P3HT as examples of the 
phenomena mentioned above. Polymer chains in spuncast P3HT are well known to have a 
horizontal orientation, with a tightly distributed tilt angle θ around 65° from surface normal 
(〈cos2θ〉 = 0.18).115 The relative dielectric constants, ε, derived from experimental studies of 
spuncast P3HT are shown in Figure 3.29a. Note that  
𝜀 =  𝜀0𝜀,       (3.11) 
where the vacuum permittivity ε0 = 8.85  10
-12
 F/m.  
 
Figure 3.29. Uniaxial dielectric function for spuncast P3HT films of different orientations. (a) 
Experimental dielectric function from a nominally horizontally oriented P3HT spuncast film. 
From this function, the (b) isotropic and (c) vertical dielectric functions were derived.88 
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To model isotropic and vertically oriented polymer films, the c-axis (transition dipole 




"  = 2
〈cos2θ〉
〈sin2θ〉
     (3.12) 
where ε”i  is the imaginary part of ε along direction i and θ is the average tilt of monomers in the 
film away from substrate normal. This extraction is based on simple models for dielectric 
constants based on unitary rotations.115 Eq 3.12 and the experimental, horizontally oriented ε, the 
isotropic ε was constructed, based on the observation that the trace of a matrix is preserved by 
unitary rotations. Thus, the isotropic dielectric function is described by the diagonal element 
(2εxy + εz)/3, shown in Figure 3.29b. In the isotropic construction, 〈cos2θ〉 = 0.33, corresponding 
to a narrow distribution at the magic angle, θ = 54.7°. Similarly, the dielectric function for the 






hor). This result is shown in Figure 
3.29c, with a derived 〈cos2θ〉 = 0.65 and narrow distribution around θ = 36°. 
Using the three ε shown in Figure 3.29, s- and p-polarized transmission spectra at 60° 
incidence angle were calculated for thin films on a glass substrate as a function of thickness 
(Figure 3.30). The DR values derived from this figure are shown as the colored traces Figure 
3.20. A few common features are present in the simulated UV-Vis spectra. First, there is a “foot” 
of extended apparent absorption for the s-polarized data that increases with thickness. This is due 
to the increase in the s-polarized reflection as the thickness reaches a half-wave, high reflectivity 
condition. Second, the DR for the isotropic film is significantly less than the typical estimate of 
1, due to the refraction effects in these very thin (< 100 nm thick) films. Third, the DR exhibits a 
significant thickness dependence, increasing with thickness in all three cases. This is due to a 




Figure 3.30. Calculated polarized oblique angle absorbance spectra for spuncast P3HT films of 
various orientations and thicknesses. (a) horizontal, (b) isotropic, and (c) vertical orientations.88 
 
3.5.7 Grazing incidence wide angle X-ray scattering measurements 
GIWAXS experiments were conducted at beamline 7.3.3 at the Advanced Light Source at 
Lawrence Berkeley National Laboratory. The collimated 10 keV beam was approximately 300 
µm high and 800 µm wide. Its angle of incidence from the surface plane was 0.14°, penetrating 
the P3MT CPB films and experiencing total internal reflection at the glass substrate. A 2 M pixel 
Pilatus detector was used at a distance of 262 mm, calibrated by the use of a silver behenate 
standard. Data were reduced using the Nika software package.159  
3.5.8. Rutherford backscattering spectrometry 
RBS measurements were performed at the Triangle Universities Nuclear Laboratory, 
with a beam of 2 MeV 4He2+ particles generated by the tandem Van de Graaff accelerator 
operating at 0.7 MV terminal voltage. P3MT CPB and spuncast P3HT films were placed normal 
to the collimated 2.5 × 2.5 mm incident beam at a distance of 60 mm from the collimator. 
Backscattered particles were detected at a scattering angle of 165° from the incident beam (i.e., 
from forward). The detector solid angle was roughly 0.8 msr. Beam current was 15 – 60 nA. For 
each sample, measurements of the same spot were repeated over several runs, each with ~ 
100,000 total counts.  
The data was collated in SIMNRA, then the energy window around the S peak at 1225 
eV was exported to Igor.160 The detector resolution changed significantly from sample to sample, 
122 
as is clear comparing the P3MT (high resolution) and P3HT (low resolution) traces in the inset of 
Figure 3.23. The stopping power of P3MT, P3HT, and ITO was approximated from tabulated 
values in SIMNRA. Peak positions and scattering cross-sections were calculated using eq 3.6, 
3.7, and related equations.135,139 The 31P (only in P3MT CPB films), 32S, and 34S peaks in this 
window were fit using a combination of Gaussian curves. These peak areas were summed and 
converted to areal density values using eq 3.8. The 31P peak from the monolayer in P3MT CPB 
films was included in the S fits because it could not be resolved. It follows that the intercept in 
Figure 3.24 for P3MT CPB films (blue trace) should roughly correspond to the areal density of 
P from the ML in these films. However, the error of the intercept, 19 atoms/nm2, is far larger 
than the M-Br pristine ML seed density on 60 nm thick ITO calculated from XPS (2.5 ± 0.2 nm-
2). This indicates that the 31P peak does not have a high enough the signal-to-noise ratio 
necessary to be resolved by these RBS measurements. 
3.5.9 Appendix 





CHAPTER 4: CHARGE TRANSPORT IN CONJUGATED POLYMER BRUSHES2 
4.1 Summary 
Trilayer conjugated polymer brush devices were fabricated by transfer of gold electrodes 
onto P3MT CPB films grown from monolayer films on ITO. The energy levels in the resulting 
devices were characterized using several techniques. The presence of the monolayer at the ITO-
brush interface caused a large energetic barrier to charge injection and extraction in the devices. 
The contact between the polymer brush layer and top Au electrodes was characterized by AFM, 
showing that only the tallest columns in the CPB film make contact with the electrode. 
Conduction through these tall columns was characterized by current-voltage (I-V) 
conductive AFM measurements, in particular the thickness-dependent device resistance. Using 
these measurements, a transition in charge transport mechanism was found at 8 nm film 
thickness. Charge carrier mobility in P3MT was not able to be extracted, so device resistivity 
was calculated instead. The bulk resistivity in the P3MT CPB devices was 1.4 × 105 Ω·cm, two 
magnitudes lower than spuncast analogues. The molecular resistivity along polymer chains in the 
P3MT CPB devices was 360 GΩ/nm, comparable to previously studied molecular wires. These 
resistivity values indicate that intramolecular charge transport in the P3MT CPB films was 
enhanced, possibly due to the polymer brush architecture in which individual polymer chains are 
in contact with the top and bottom electrodes . 
 
2Parts of this chapter were reprinted from VonWald, I. A.; Moog, M. M.; LaJoie, T. W.; 
Yablonski, J. D.; DeLongchamp, D. M.; Locklin, J.; Tsui, F.; You, W. J. Phys. Chem. C 2018, 




4.2.1 Device fabrication 
In vertical organic semiconductor (OSC) devices, the substrate serves as the bottom 
electrode. Fabrication of a top electrode with well-defined contact to the OSC layer is essential to 
successfully probing and interpreting charge transport through the device. In bulk OSC devices, 
the top electrode is typically deposited by thermal evaporation, sputtering, or a similar 
process.161,162 These physical deposition methods produce a conformal contact between the OSC 
layer and top electrode (i.e., the entirety of the electrode area is in contact with the OSC). 
Although a small number of metal atoms may penetrate into the OSC layer during deposition, the 
bulk OSC layer is thick enough that the device properties are assumed to be unaffected. 
Top electrode deposition in molecular junctions is much more challenging than in bulk 
junctions because the OSC layer is very thinner (typically < 10 nm). Any slight migration 
penetration of electrode atoms into the OSC layer in a molecular junction may significantly 
change the charge transport properties, or even cause short-circuiting of the device. As a result, 
direct thermal evaporation onto a molecular junction typically gives a low yield of useable 
devices (~ 2 %).163 Several strategies for forming top contacts in molecular junctions are 
described below. In general, the tradeoff in attaining soft contact with molecular wires is a less 
defined, non-conformal interface between the wires and the top electrode. As a result, contact 
area is a primary concern in molecular junctions.  
The simplest molecular junctions have been studied by in situ formation of the top 
contact by bringing a scanning tunneling microscope or atomic force microscopy (AFM) tip into 
contact with the molecular wires (Figure 4.1).35,164–166 The tip is conductive, typically coated 
with Au. This strategy is very useful for forming molecular junctions containing very few or 
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individual molecules. However, the contact area of the tip is not always very well defined, as 
factors such as tip geometry and load strongly affect contact. The devices are also temporary, 
making them impractical for long-term study. 
 
Figure 4.1. Formation of alkanethiol molecular junctions on Au using an AFM tip. Reprinted 
with permission.167 Copyright 2001 American Chemical Society. 
 
 Evaporation of the top contact in a molecular junction is typically approached by adding 
an interlayer between the molecular wires and top electrode. The most common interlayer is a ~ 
4 nm thick aluminum oxide layer deposited by atomic layer deposition.13,168,169 Atomic layer 
deposition is a much less energetic process than evaporation or sputtering, so there is little to no 
penetration of aluminum oxide into the molecular junction. The aluminum oxide layer then 
protects the molecular junction from shorting during evaporation of a metal electrode on top of 
the interlayer. The resulting devices have a well-defined area with conformal contact, but the 
interlayer increases the resistance of the device and complicates charge transport analysis. 
 Liquid electrodes have also been explored as top contacts in molecular junctions. Initial 
studies used a mercury drop as the top contact, however the toxicity and instability of the 
electrode made them unappealing.170 A less harmful alternative is the eutectic gallium-indium 
(EGaIn) non-Newtonian liquid electrode (Figure 4.2).38,163,171 A conical tip of EGaIn is brought 
into soft contact with the molecular junction. The tip can be easily molded to form a non-
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destructive, permanent µm-size top electrode. However, despite thorough characterization of 
EGaIn electrode characteristics, the junction size, contact area, and interfacial characteristics are 
not well-defined nor perfectly reproducible.   
 
Figure 4.2. EGaIn electrode contact with a molecular junction. (a) Schematic, (b) zoomed 
illustration, and (c) image of the electrode. Reprinted with permission.38 
 
 One more strategy of top contact formation in a molecular junction is by transfer 
printing.172–175 The top electrodes are prepared on a donor substrate (typically by a lithographic 
process), picked up by a elastomeric stamp (often polydimethylsiloxane, PDMS), then gently 
pressed into the molecular wires (Figure 4.3). The electrodes preferentially print onto the 
molecular junction, leaving behind a well-defined pattern of permanent molecular junctions. 
There have been some analyses of contact area in transfer printing, however generally the printed 
top electrodes are assumed to be conformal to the molecular wires. There are two common 
variants of transfer printing. Nanotranfer printing (nTP) is the first variant, in which metal 
electrodes (usually gold) are printed onto thiol-terminated molecular wires, forming covalent 
bonds between the molecular wires and printed electrodes.32,36,37 The nTP strategy gives a very 
high yield of useable (non-shorted) devices with good reproducibility, however nTP is also 
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limiting due to the necessity of the Au-thiol bond to facilitate electrode transfer from the stamp 
to the junction. 
The second variant, kinetic transfer printing (KTP), relies on the speed dependent 
separation energy G(v) of the viscoelastic stamp to fabricate devices.176,177 First, the stamp is 
brought into contact with the donor substrate (which contains a pattern of features to be 
transferred), and peeled away quickly (Figure 4.3a, b). At high speeds the separation energy of 
the stamp, GPDMS, is greater than that of the donor substrate, Gsub. As a result, the stamp is 
“inked” with the transferred features. The inked stamp is then brought into contact with the 
receiving substrate (i.e., molecular wire film) and peeled away slowly (Figure 4.3c, d). At low 
speeds, the separation energy of the stamp is less than the separation energy of the receiving 
substrate (GPDMS < Gsub), resulting in transfer of the features onto the receiving substrate. This 
forms molecular junctions without a covalent bond between the molecular layer and electrodes. 
KTP is not as high yield as nTP, but is a more generalizable method for fabricating permanent 
devices with molecular junctions. 
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Figure 4.3. Kinetic transfer printing process. (a) Preparation of metal microstructures on a donor 
substrate. (b) A PDMS (or other elastomeric) stamp is laminated on the donor substrate and 
peeled away quickly, inking the stamp. (c), (d) The inked stamp is brought into contact with a 
receiving substrate and peeled away slowly, printing the features onto the substrate. Reprinted 
with permission.176 Copyright 2006 Nature Publishing Group. 
 
4.2.2 Energy level alignment 
The electrode–organic semiconductor interface plays a key role in determining charge 
transport through a device. The identity of primary charge carriers as holes or electrons, 
efficiency of injection, and the appropriate charge transport model in an OSC device depend on 
the energy level alignment between the two layers. Figure 4.4 shows a typical energy diagram 
for an electrode-OSC interface, prior to bringing the two layers into contact. The work function, 
φ, of the electrode is the minimum energy required to remove an electron from the material (i.e., 
to vacuum level). Therefore, φ of the electrode gives the Fermi level energy, EFermi, with respect 
to the vacuum level energy (EVac). Charge carriers are injected from the Fermi level of the 
electrode into either the highest occupied molecular orbital (HOMO) or lowest unoccupied 
molecular orbital (LUMO) of the organic semiconductor. Typically, EFermi is between the 
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energies of the HOMO (EHOMO) and the LUMO (ELUMO) in OSC devices. The energy barriers for 
injection of holes into the HOMO (Δh) or injection of electrons into the LUMO (Δe) are their 
energy differences from EFermi of the electrode. The total energy difference from the OSC 
HOMO to the LUMO is the electronic bandgap, Eg. Whichever energy barrier is smaller 
determines the primary charge carrier for injection and transport through the organic 
semiconductor – either holes will be injected into the HOMO of the OSC or electrons will be 
injected into the OSC LUMO. In the example shown in Figure 4.4, holes are expected to be the 
primary charge carrier in the device because Δh < Δe (also called p-type transport). 
 
Figure 4.4. Energy diagram for a p-type OSC device, prior to bringing the electrode and OSC 
into contact. 
 
 Following the Schottky-Mott rule of vacuum level alignment, the Fermi levels of the 
electrode and OSC can be aligned without affecting the energies of the OSC HOMO, LUMO, or 
vacuum level. Thus, Δh or Δe can be minimized by choosing an electrode with a work function 
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close to EHOMO or ELUMO.
178 An injection barrier close to 0 is necessary for Ohmic contact and 
SCLC-type charge transport.15 When Δh or Δe are large, the vacuum level alignment model is 
accurate, however, when EFermi ~ EHOMO or ELUMO, charge transfer occurs between the electrode 
and OSC. This results in pinning of the Fermi level away from the HOMO or LUMO energy 
levels. Multiple models exist to describe this effect and related phenomenon (e.g., band bending 
and integer charge transfer states), which are beyond the scope of this work.178–182 Regardless, it 
is clear that characterization of the electrode-OSC interface and corresponding energy landscape 
are important for understanding injection and charge transport in OSC devices. 
4.2.3 Energy level characterization 
4.2.3.1 Cyclic Voltammetry 
Cyclic voltammetry (CV) is the most common technique for measuring the OSC frontier 
orbital (HOMO and LUMO) energy levels. Typically, EHOMO is measured with a scan over 
positive voltages, while ELUMO is measured with a scan over negative voltages (Figure 4.5a). 
Note that in CV the convention is that positive voltage represents energy levels further from the 
vacuum level (more negative energy), while negative voltage represents less negative energy 
levels closer to the vacuum level. The energy onset of the oxidation (reduction) peak for the 
HOMO (LUMO) is then found with reference to a standard redox material. As shown in Figure 
4.5a, the ferrocene/ferrocenium redox couple is a commonly used standard with a HOMO onset 
of -4.8 eV.162 From these measurements, the electronic bandgap of OSCs can be measured 
directly. Notably, sometimes the LUMO reduction peak is not measured by CV due to concerns 
with interference from oxygen reduction.183 
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Figure 4.5. CV characterization of OSC orbital energy levels. (a) CV curves and (b) 
corresponding HOMO and LUMO energy levels in IDTCF and IDIC, two OSCs used as 
acceptors in organic photovoltaic cells. In (a), the positive (negative) voltage scanning direction 
corresponds to oxidation of the HOMO (reduction of the LUMO). The ferrocene/ferrocenium 
redox couple at -4.8 eV is used as a standard. Reprinted with permission.162 Copyright 2019 The 
Royal Society of Chemistry. 
 
4.2.3.2 UV-Vis spectroscopy 
In the absence of the LUMO reduction peak in CV measurements, UV-Vis spectroscopy 
is used to characterize the optical bandgap as an approximation of the electronic bandgap in an 
OSC. Using EHOMO measured by CV and Eg measured by the onset of absorption in UV-Vis 
spectroscopy, ELUMO can be then be calculated.  
4.2.3.3 Ultraviolet photoelectron spectroscopy 
UPS is typically used to measure the work function of the substrate and hole injection 
barrier from the substrate into a deposited OSC (φ and Δh, respectively, from Figure 
4.4).148,184,185 In UPS, the electron source is much lower energy than in XPS, enabling 
characterization of valence and frontier states in the sample. The UPS spectrum of bare ITO is 
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shown in Figure 4.6. At the left edge of the spectrum is the secondary electron cutoff (SECO), 
and on the right, at 0 eV, is the Fermi level of the ITO.  
 
Figure 4.6. UPS spectrum of ITO, with energy scale relative to below the Fermi level energy. 
 
In UPS, the Fermi levels of the instrument, substrate, and any species adsorbed to the 
substrate are aligned. The energy of the SECO, ESECO, is used to calculate the vacuum level 
energy, because the energy difference between ESECO and EVac is given by energy of the incident 
rays (Ehν, 21.2 eV in the example shown in Figure 4.6). The φ of the sample is then calculated 
by 
𝜑 =  𝐸ℎ𝜈 − 𝐸𝑆𝐸𝐶𝑂.     (4.1) 
In Figure 4.7, ESECO = 16.6, so φ = 4.6 eV for ITO. When materials are deposited on the 
substrate, the SECO may shift, reflecting an interfacial dipole (ID) that causes a shift in the 
vacuum level.147,148,150,151 The exact effect of IDs on charge injection into adsorbed layers (i.e., 
OSCs) is still debated and beyond the scope of this work. With deposition of a material on the 
substrate, additional states also appear near the Fermi edge, with a UPS signal onset 
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corresponding to the HOMO of the deposited material. Thus, the energy difference between the 
HOMO onset and the Fermi level gives the injection barrier of holes, Δh, into the deposited 
material. 
4.3 Results and Discussion 
4.3.1 Formation of trilayer conjugated polymer brush devices 
In most of the examples discussed above, the contact between the electrodes and the OSC 
or molecular layer is assumed to be conformal, and the distance between the top and bottom 




,     (4.2) 
where R is the resistance of the device, L is the device thickness and A is the cross-sectional area 
of the device. Thus, in devices with conformal contact, the resistivity calculation is based 
entirely on the electrode area and the average molecular layer thickness.  However, given the 
roughness of the P3MT CPB film surface, conformal contact between the film and top electrode 
is undesirable, as charge transport would then be dominated by the thinnest parts of the device 
instead of the tall columns on the surface of the CPB films. To effectively study charge transport 
through the P3MT CPB films, Au electrodes were printed by KTP to give an array of circular 
ITO-ML-CPB-Au trilayer devices, called CPB devices (Figure 4.7). CPB-electrode contact in 
these devices is non-conformal, so eq 4.2 has to be modified to include a contact factor. Charge 




Figure 4.7. CPB device structure. (a) Schematic and (b) microscope image of gold electrodes 
printed on a 15 nm thick P3MT CPB film. The white scale bar is 50 µm.88 
 
4.3.2 Conjugated polymer brush device energy levels 
The energy levels of the ITO, monolayer, and P3MT polymer brush were characterized 
by the CV, UV-Vis, and UPS. CV measurements on the CPB devices using the 
ferrocene/ferrocenium redox couple as a standard show that the HOMO level of P3MT lies at -
5.0 ± 0.1 eV with respect to the vacuum level (Figure 4.8). The uncertainty on the HOMO 
energy level is estimated as 0.1 eV due to a shifting baseline during the scan. The P3MT CPB 




Figure 4.8. CV scans of (a) a 15 nm thick P3MT CPB film and (b) ferrocene standard. 
Approximate HOMO onset energies with respect to the reference electrode (and with respect to 
vacuum level energy) are marked with an arrow. Reprinted with permission.68 
 
 From Figure 3.18a, the onset of absorption in P3MT CPB films is ~ 650 nm, 
corresponding to an optical bandgap of 1.9 eV. This matches the optical bandgap of spuncast 
P3HT films (Figure 3.18b). Using EHOMO from CV measurements and the optical bandgap from 
UV-Vis, ELUMO = -3.1 eV with respect to vacuum level for P3MT CPB films. 
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 UPS measurements are summarized in Figure 4.19and Table 4.1. After adsorption of the 
M-Br monolayer onto ITO the SECO shifted to a lower kinetic energy (red trace in Figure 
4.9a). Correspondingly, the work function increased, indicating that an interfacial dipole was 
formed between the ITO and M-Br ML. The HOMO onset of the ML was detected 1.7 eV from 
the Fermi level (red trace in Figure 4.9b). After growth of P3MT CPB films from the M-Br 
modified ITO, the SECO shifted to higher energy (blue trace in Figure 4.9a). As a result, the 
work function in these films decreased compared to the bare ITO film. This reflects the 
formation of an interfacial dipole with the opposite sign as the interfacial dipole in M-Br-
modified ITO. Signal near the Fermi level also increased after P3MT CPB film growth, with an 
onset at 0.4 eV (blue trace in Figure 4.9b). This energy corresponds to the injection barrier for 
holes into P3MT. Unfortunately, the energy levels of the gold electrodes printed onto CPB films 
by KTP cannot be measured by UPS; other reports find that φ = 4.8 – 5.1 eV in sputtered Au.187 
 
Figure 4.9. UPS characterization of ITO, M-Br ML film, and P3MT CPB film (thickness = 11 




Table 4.1..UPS characterization of CPB devices.a 
Film ESECO (eV) ID (eV) φ (eV) Δh (eV) EHOMO (eV)b 
Bare ITO 16.6 0 4.6 - - 
M-Br on ITO 16.2 0.4 5.0 1.7 6.3 
CPB Film 16.7 -0.1 4.5 0.4 5.0 
aExperimental uncertainty of ± 0.1 eV on all values. 
bBased on Δh for the given sample and φ = 4.6 eV for bare ITO. 
 
Energy diagrams based on these results are shown in Figure 4.10. Injection from the ITO 
electrode into the P3MT CPB brush is likely to be to be primarily holes, as the hole injection 
barrier (Δh) is much smaller than the electron injection barrier (Δe) (Figure 4.10a). Injection into 
the P3MT CPB film is impeded by a thin but very high electronic barrier caused by the M-Br 
ML on ITO. An ID = 0.4 eV is formed between the ITO electrode and M-Br ML, which is then 
reversed to ID = -0.1 eV after P3MT CPB growth. The potential effect of the ITO-ML-P3MT 
interface dipoles on charge injection and transport through the device are discussed elsewhere.69 
The P3MT-Au interface was not directly characterized, so the energy levels and barriers are 
inferred (Figure 4.10b). Injection of holes from the Au electrode into the HOMO of P3MT has a 
very small energetic barrier (≤ 0.2 eV) compared to injection of electrons, using vacuum level 




Figure 4.10. Energy diagrams of interfaces in CPB devices . (a) ITO-ML-P3MT interface and 
(b) P3MT-Au interface. Au energy levels are inferred. Neither energy diagram takes into account 
potential band-bending or pinning from integer charge transfer states, which may cause some 
shifting in the hole injection barriers. 
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4.3.3 Polymer-electrode contact analysis 
To analyze the charge transport in CPB devices, the contact between the CPB layer and 
the printed Au electrodes as well as the CPB thickness within the devices must be examined. 
Because of mechanical deformation of the Au electrode during the KTP process and the large 
widths present in the height distributions of P3MT CPB films, the top Au electrode in CPB 
devices is neither conformal with the CPB surface, nor at a uniform distance from the bottom 
electrode. To account for the two effects, a more general geometric contact factor is considered, 
in order to go beyond the widely used effective contact area. 
The shape of Au electrodes produced by photolithography on the donor substrate prior to 
printing is not a simple, flat disk as suggested by Figure 4.7b. Instead, the top surface is more 
like a dome with a rim (Figure 4.11a). The disks have a relatively flat center, 185 ± 5 nm thick 
on average. The thickness decreases radially to as thin as 15 nm around the edge (black trace in 
Figure 4.11c). The large difference in thickness between the edge and center of the Au 
electrodes is evidently the result of a geometric shadowing effect between the photoresist pattern 
and the Au deposition angle. The bottoms of the as-fabricated Au electrodes are expected to be 




Figure 4.11. Representative AFM topography images of Au electrodes. (a) The undeformed, as-
fabricated Au electrode on the donor Si substrate and (b) a printed Au electrode on a 55 nm thick 
P3MT CPB film using KTP. In (a) and (b), the white scale bars are 2 µm, and the grey contours 
are spaced at 20 nm intervals. (c) Comparison between linescans of the as-fabricated (black) and 
the printed (green) Au electrodes. Positions of the linescans are indicated by dot-dashed lines in 
(a) and (b). Linescans are obtained along the high-symmetry axis of each pad. The zero height 
corresponds to the bottom of the as-fabricated electrode. The red horizontal dashed lines 
approximate the bottom height of the deformed electrode. The blue and red contours in (b) 
correspond to deformed regions and to the light blue and pink shaded regions in (c), 
respectively.88 
 
 The KTP process, involving lift off from the donor substrate and transfer to the CPB film, 
causes the Au electrode to deform (Figure 4.11b, c). These deformations are observed to varying 
degrees in ~ 60 % of electrodes printed on CPB films. The deformations can be characterized as 
primarily bending and buckling, because other deformations of the Au electrode, especially a 
compressive change of thickness, would require a substantially greater force and stress than that 
used in KTP. This assumption that the KTP process does not cause a change in the thickness of 
the printed electrode is supported by our observation that none of the Au electrodes are deformed 
by KTP when printed on flat Si substrates (Figure 4.12). Therefore, any deviations between the 
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shape of the printed electrode surface compared to the as-fabricated counterpart are caused by 
printing onto the rough CPB film. These deviations are also expected to be mirrored on the 
bottom of the printed electrode. In other words, there is no compressive change of thickness in 
the Au electrode during printing onto the CPB film, so any changes on the top of the electrode 
will be transferred to the bottom of the electrode. 
 
Figure 4.12. AFM linescan comparison between an as-fabricated Au electrode prior to transfer 
printing (black trace) and a Au electrode printed on a smooth Si wafer with an RMS roughness 
of 0.2 nm (blue trace). The zero height corresponds to the bottom of the as-fabricated electrode. 
Within experimental uncertainty caused by thickness variation from electrode to electrode, there 
is no deformation in the electrode printed on flat Si compared to the as-fabricated electrode. 
Reprinted with permission.88 Copyright 2018 American Chemical Society. 
 
  Because of the aforementioned deformation in the Au electrodes during printing onto the 
CPB film, the separation distance between the two electrodes in CPB devices varies from 
position to position (red dotted line in Figure 4.11c). To account for this variation, each 
deformed CPB device is divided into regions of parallel resistors, each with its own “regional” 
effective contact area (Ai) and thickness (i.e., separation between electrodes, Li). The regional 
effective contact area Ai is generally smaller than the corresponding regional area of the 
electrode, owing to the surface roughness of the underlying CPB film. In other words, only part 
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of each electrode region makes contact to the underlying CPB film, such that the total effective 
contact area of the device, ∑ 𝐴𝑖𝑖 , is far less than the total area of the electrode, A0. 
 For each device, the values of Li were estimated from the deformed bottom height of the 
printed electrode (red dotted line in Figure 4.11c) to the ITO surface. Tall columns in the CPB 
film reach heights above Li and make contact with the top electrode. The elastic modulus of 
P3MT is likely to be similar to P3HT, which has a modulus of ~ 1 GPa.188 The elastic modulus 
of the Au electrode is much higher, ~ 80 GPa.189 Therefore we assume that the columns above Li 
compress down to the bottom of the Au electrode, while compression of the Au electrode is 
negligible. This assumption gives the upper bound for the amount of contact between the CPB 
film and Au electrode. This is because any compression of the Au electrode that is ignored here 
would cause an increase in Li, and a decrease in the resulting contact factor calculated below.  
Because only the tallest portion of the CPB films are in contact with the Au electrode, 
values of Li are much greater than the nominal film thickness, L0. These tall columns represent a 
small fraction of the film surface area, causing the regional effective contact area Ai to depend 
very sensitively on Li. The surface height histogram and the corresponding cumulative histogram 
were used to determine Ai from Li for each deformed region of the film (Figure 4.13). 
Specifically, Ai is the area fraction of the CPB film (horizontal dashed lines) that is above Li 
(vertical dashed lines).  
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Figure 4.13. Regional contact area determination in CPB devices. A typical surface height 
histogram (green) and corresponding normalized cumulative histogram (blue, cumulative from 
the highest point of the image) of a 55 nm thick P3MT CPB film are shown including the 
intersection with a deformed, printed Au electrode. The same electrode printed on a CPB film is 
shown in Figure 4.11b and c. The zero height is at the surface of the ITO substrate. Vertical 
dashed lines correspond to the estimated regional heights of the bottom of the printed electrode 
(Li). The horizontal dashed lines indicate the respective area fractions of the CPB film that make 
contact with the printed electrode (Ai). The blue and red dashed lines correspond to the deformed 
parts of the electrode in Figure 4.11b and c, whereas the black dashed lines correspond to that of 
the undeformed part.88 
 
As an example, the pink shaded region in Figure 4.11c corresponds to a negatively 
deformed region in the printed electrode compared to the as-fabricated electrode. Because of the 
deformation, the bottom of the electrode in this region has a height ~ 20 nm below the height of 
an as-fabricated electrode. By comparing the contour of the top of the deformed electrode to the 
surrounding CPB topography, a height Li ~ 70 nm compared to the ITO substrate is found for 
this region. This regional height is quite a bit thicker than the average height of the CPB film (L0 
= 55 nm), so < 50 % of the CPB film in this region is expected to be in contact with the 
electrode. Indeed, when the regional height Li is compared to the cumulative height histogram of 
the CPB film (red dashed line in Figure 4.13), about 20 % of the CPB film is at or above the 
height of the electrode bottom in this region, corresponding to Ai ~ 20 %. Because this region is 
negatively deformed (lower height than an undeformed electrode), it is expected to have more 
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contact with the CPB film than an undeformed region. Indeed, the undeformed region of the 
printed electrode (unshaded areas in Figure 4.11c and black dashed line in Figure 4.13) has Li ~ 
90 nm, corresponding to Ai ~ 1.5 %. 
Assuming a uniform resistivity (ρ) across all regions within each device, eq 4.2 was 








i  ,        (4.4) 
where a is the effective contact factor introduced as a correction to the nominal resistivity of the 
device. Analysis of many samples and devices indicates that the average value of the effective 
contact area (i.e., (∑ Aii )/A0) is 2 % and is independent of the CPB film thickness (Table 4.2). 
The effective contact factor a is also independent of film thickness, with a log average value of -
2.0 ± 0.6, corresponding to an average value of 1 % with lower and upper bounds of 0.25 and 4 
%. These findings are likely the result of the observed film thickness-independent column 
density and cross-sectional area, the resulting mechanical properties of the columns, and 
consistency of the KTP process. 
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Table 4.2. Contact areas and factors in CPB devices. 
Film Thickness (nm) 
Effective Contact Area Contact Factor 
Log Value Percent (%) Log Value Percent (%) 
8 -1.3 4.5 -1.5 3.5 
8a -1.8 1.7 -2.0 1.1 
15 -2.4 0.4 -2.7 0.2 
15a -3.0 0.1 -3.4 0.04 
18 -2.2 0.7 -2.4 0.4 
32 -1.4 4.2 -1.5 3.1 
32a -1.7 2.0 -1.8 1.5 
56 -1.7 2.2 -1.8 1.7 
56a -1.6 2.3 -1.8 1.6 
68 -1.4 4.0 -1.5 3.3 
68a -1.1 7.7 -1.2 6.0 
Average -1.8 ± 0.5b 2c -2.0 ± 0.6b 1.0c 
aRepeat thicknesses correspond to a second electrode on the same film. 
bStandard deviation of the mean. 
cAverage percent calculated from the log average value. 
 
4.3.4 Charge transport through conjugated polymer brush devices 
The I-V curves of CPB devices show the characteristic nonlinear behavior typical of 
narrow bandgap semiconductors (Figure 4.14). Values for the drift mobility in the P3MT CPBs 
cannot be obtained from the I-V behavior using existing analytical models (i.e., SCLC and ILC). 
This is due to at least two characteristics of these devices. First, very high injection and 
extraction barriers are introduced by the ML in CPB films, as shown in Figure 4.10. As a result, 
the requirements for SCLC and ILC may not be reached in the CPB devices. In particular, the 
requirement for Ohmic contacts in SCLC transport is not met at the ITO-ML-CPB interface. 
Second, the low effective contact area between the polymer brush film and printed Au electrodes 
leads to space-charge build-up in the CPB devices, especially during injection from the ITO 
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electrode. This is difficult to account for with existing models. As a result of these limitations, 
extraction of carrier mobility from the I-V curves of these CPB devices is not feasible. Instead, 
the resistivity of CPB devices will be extracted and compared to similar materials, such as 
spuncast P3HT. 
 
Figure 4.14. I-V behavior in CPB devices. (a), (c) Representative linear I-V curves and (b), (d) 
semilog I-V curves from P3MT CPB devices with L0 -as labeled. 10 curves (including forward 
and reverse sweeps) are represented for each film in (b) and (d). Curves in (a) and (c) are 
represented by blue traces in (b) and (d).88 
 
The zero-bias resistance of CPB devices with CPB film thickness (L0) > 8 nm increases 
linearly with L0, consistent with diffusive processes outside of the tunneling regime (i.e., 
hopping) (Figure 4.15a). This linear regime has a slope of 1.0 ± 0.1 MΩ/nm. The apparent non-
zero intercept is typical for molecular wires.34 At L0 < 8 nm there is a transition to exponential 
dependence between resistance and device thickness (Figure 4.15b). This is consistent with 
transitory hopping and tunneling behavior, modeled by eq 1.4 using β = 0.5 ± 0.1 nm-1. This β 
value was calculated using device thickness, which is thicker than the average CPB film 
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thickness L0. Typically, β > 1 nm
-1 for tunneling through conjugated molecular wires. The low 
tunneling β observed in thin CPB devices may reflect a different transport mechanism (e.g., 
resonant transport) than is observed in most other molecular wires.37 
 
Figure 4.15.  Zero-bias resistance in CPB devices. Each point corresponds to measurements on ≥ 
20 devices. (a) Linear plot. The black line is a linear fit with slope of 1.0 ± 0.1 MΩ/nm. (b) 
Semi-log plot. The black line is a linear fit of films < 8 nm thick with slope corresponding to β = 
0.5 ± 0.1 nm-1 based on device thickness, not CPB film thickness. Reprinted with permission.69 
 
 Using eq 4.3 with R/L0 = 1.0 MΩ/nm (slope of Figure 4.15), A0 = 120 µm
2, and a = 1 % 
(average effective contact factor across CPB films of all thicknesses), the bulk resistivity value 
along the P3MT CPB columns was calculated as 1.4 × 105 Ω·cm. The lower and upper bounds of 
the resistivity based on the limits of the contact factor in these devices are 0.4 and 5.6 × 105 
Ω·cm, respectively. This value is 2 orders of magnitude lower than the typical room temperature 
values for spuncast, atmospherically doped P3HT films measured using 4-point probe and Van 
der Pauw techniques (which are unsuitable for studying vertical intramolecular transport through 
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P3MT CPBs).190,191 Note that since the resistivity of P3MT CPB devices is determined from the 
slope of the resistance versus thickness plot, contact resistance and other interfacial effects (e.g., 
the size of the injection or extraction barrier introduced by the ML) are factored out. The 
intrinsic carrier concentration in poly(3-alkylthiophene)s has a weak dependence on the side 
chain structure.192,193 Therefore, the observed large reduction in the bulk resistivity of P3MT 
CPBs compared to spuncast P3HT provides evidence for a corresponding enhancement of 
vertical hole mobility in the P3MT CPB films compared to spuncast P3HT (based on eq 1.1).  
 To compare the conduction along P3MT CPBs with intramolecular charge transport via 
hopping in molecular wires, the average resistance along individual polymer chains as a function 
of length (i.e., molecular resistivity, ρmol) was estimated. The molecular resistivity is given by 
𝜌𝑚𝑜𝑙 = 𝜌𝑁𝑐,      (4.5) 
where ρ is the bulk resistivity in eq 4.3 and Nc is the molecular density inside the tall columns in 
the CPB films that make contact with the printed Au electrodes. To calculate Nc, the initial 
grafting density (1.3 nm-2) measured by CV and XPS was modified. Using the product of the 
characteristic column cross-sectional area from area fraction analysis (2.3 × 10-3 µm2) and the 
average areal density of columns (200 µm-2), approximately 50 % of the surface is taken up by 
columns. Assuming that most of the P3MT polymer chains form into columns, the Nc will be, at 
most, 2.6 nm-2. Using Nc = 2.6 nm
-2 and ρ = 1.4 × 105 Ω·cm from above, ρmol along P3MT CPB 
films is 360 GΩ/nm per molecule, with lower and upper bounds of 90 and 1400 GΩ/nm, 
respectively. 
This estimate of ρmol along polymer chains in P3MT CPB films is likely overestimated 
due to two key assumptions. First, the polymer chain density is assumed to stay constant during 
film growth. Because some of the polymer chains presumably do not enter the columns (e.g., 
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some may remain in the thin polymer network observed below the columns or terminate 
prematurely), this assumption likely overestimates Nc and ρmol. Second, this calculation assumes 
that device thickness is equal to the polymer chain length. Chapter 3 establishes a 
preponderance of evidence (i.e., AFM images, UV-Vis absorbance spectra, RBS measurements) 
that the P3MT CPB polymer chains have significant twisting, winding, and tilting from surface 
normal. Therefore, the distance traveled by charges moving strictly along chains in the P3MT 
CPB film (i.e., intramolecular transport only) is likely much more than the device thickness. As a 
result, this assumption also overestimates ρmol. 
To compare ρmol for P3MT CPBs to literature examples, ρmol for various conjugated 
molecular wires was calculated as the product of (i) the slope of the resistance vs. wire length in 
the hopping region, and (ii) the number of wires in a single device. Despite being an upper limit, 
ρmol = 360 GΩ/nm for P3MT CPBs is already comparable to other molecular wires (Table 4.3). 
P3MT CPB films also appear to contain much more intermolecular interactions and disorder than 
the other reported molecular wires. With synthetic optimization to reduce disorder in the P3MT 
CPB films, the molecular resistivity may be lowered further. 
Table 4.3. Molecular resistivity in various molecular wires. 
Molecule Length Range (nm) Molecules in Junction 
Molecular Resistivity 
(GΩ/nm) 
P3MT CPB 8 – 100 ~ 106, d 360 
OPIa,35 4.7 – 7.5 ~ 100 340 
ONIb,194 4.2 – 10.5 ~ 100 200 
Polyfluorene195 20 1 58 
OPTc,196 6 – 10 ~ 100 40 
aOPI = Oligophenyleneimine. 
bONI = Oligonathphalenefluoreneimine. 
cOPT = Oligophenylenetriazole. 
dCalculated with molecular density = 2.6 nm-2, electrode area = 120 µm2, and effective contact 




While P3MT CPB films have nearly identical frontier orbital energy levels to spuncast 
P3HT, the CPB devices have an energy landscape that is complicated by the pristine ML seeds 
that are necessary for growing the brushes. Only the tallest columns in the P3MT CPB devices 
make contact with the printed Au electrodes in these devices. The Au electrodes also deform 
during the KTP process, resulting in an overall contact factor of 1 % in the CPB devices. Using 
I-V measurements on the CPB devices, a transition between transport processes was observed at 
~ 8 nm P3MT CPB film thickness. The resistivity of P3MT CPB devices in the hopping regime 
was 1.4 × 105 Ω·cm, and the molecular resistivity along individual polymer chains in the CPB 
films was 360 GΩ/nm. 
The observed reduction in the bulk resistivity compared to that of spuncast counterparts, 
and the low molecular resistivity value in the P3MT CPB devices support the notion that 
intramolecular charge transport processes are responsible for enhancing charge conduction 
through these films. The primary enabling factor is that all of the P3MT molecules in contact 
with the top Au electrode are covalently bound to the bottom ITO electrode. We do expect that 
intermolecular processes contribute to conduction given the presence of extensive intermolecular 
interactions characterized in Chapter 3. The extent of intermolecular contributions cannot 
currently be determined. Finally, investigations to date have focused on characterizing 
intramolecular charge transport processes in molecular wires less than 10 nm long and in devices 
containing < 100 molecules (often single molecules). P3MT CPB devices incorporate orders of 
magnitude more molecular wires that reach lengths well over 100 nm, demonstrating that the 
CPB devices constitute a novel and scalable platform for studying intramolecular transport 
phenomena. Improvements in the vertical chain alignment of P3MT chains through efforts to 
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optimize synthetic parameters may lead to even higher values of resistivity and mobility in these 
films. 
4.5 Experimental 
4.5.1 Cyclic voltammetry to determine HOMO energy level 
Cyclic voltammetry was performed using the same procedure as described in Chapter 2. 
From Figure 4.8, the P3MT HOMO and Ferrocene oxidation onset energies with respect to the 
Ag/AgCl reference are 0.4 and 0.24 Ev, respectively. As is conventional, the energy scale in 
Figure 4.8 is reversed with respect to the vacuum level (i.e., more positive voltage corresponds 
to a more negative energy level with respect to the vacuum level), thus the P3MT HOMO level is 
0.16 Ev deeper (more negative with respect to vacuum level) than the ferrocene oxidation 
energy. The ferrocene/ferrocenium oxidation occurs at -4.8 Ev with respect to the vacuum 
level.161,162 Thus, the P3MT HOMO energy level is at -5.0 Ev with respect to the vacuum level. 
This shifting baseline in the P3MT CV scan may be due to impurities or oxygen present in the 
CV solution. 
4.5.2 Kinetic transfer printing 
4.5.2.1 Preparation of donor substrates 
Silicon wafers with a 300 nm thermal oxide layer (University Wafer, RMS roughness 0.2 
nm) were cut into roughly 2 × 1 in. rectangles and placed in a cleaning solution of 2:1:1 
H2O:H2O2:NH4OH for an hour. They were then rinsed with water and isopropyl alcohol, then 
dried under a stream of N2. The wafers were then cleaned with UV/Ozone for 15 min. Neat 
hexamethyldisilazane was applied to the surface of the substrates, with excess removed under a 
stream of N2. An array of 12.5 µm diameter circular disks was lithographically patterned on the 
wafer surface using a negative photoresist (Ma-N 1410, thickness of ~ 1.0 µm, Micro Resist 
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Technology) and photomask. A 200 nm thick film of Au was sputter deposited onto the pattern, 
followed by lift-off in acetone. Finally, the substrates were briefly etched for 2 – 3 seconds in 5 
% aqueous HF to improve the release of the gold features from the substrate. 
4.5.2.2 Kinetic transfer printing process 
This procedure was used to produce ITO-CPB-Au devices for electrical measurements. 
Cross-linked poly(dimethylsiloxane) (PDMS) was cured by mixing the base with the cross-
linking agent in a 3.5:1 ratio by weight (Sylgard 184 Elastomer Kit, Dow Corning). 1 cm × 1 cm 
stamps were cut from the PDMS and brought into conformal contact with the donor substrate. 
The stamp was quickly removed from the surface of the donor (> 10 cm/s) using pressure applied 
with a glass slide, transferring the Au features onto the stamp. The inked stamp was brought into 
conformal contact with the receiving substrate (e.g., a CPB film) with approximately 1 N of 
applied force. The stamp was removed very slowly, (~ 0.5 mm/s), transferring the Au features 
onto the receiving substrate. The PDMS stamp was cleaned with scotch tape to remove 
particulates between each transfer.  
4.5.3 Conductive atomic force microscopy 
Two-terminal current-voltage (I-V) measurements of the P3MT CPB devices fabricated 
by KTP were performed using the same Asylum AFM system and cantilevers as the tapping 
mode AFM measurements described in Chapter 3, except the cantilevers were modified to be 
conductive. The regular AFM tips were modified by sputtering alternating layers of Cr and Au 
using the recipe: 2.5 nm Cr, 5.0 nm Au, 2.5 nm Cr, 10.0 nm Au, 2.5 nm Cr, 35.0 nm Au, 2.5 nm 
Cr, and 50.0 nm Au. This recipe produces conductive tips with good adhesion within the metal 
layers and radii of ~ 30 nm.37 Conductive measurements were performed in contact mode by 
applying a minimum force to make electrical contact to the top Au electrode (< 100 Nn). The 
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voltage bias was applied across the CPB device between the ITO substrate and the top Au 
electrode, such that the positive bias corresponds to injection from the ITO substrate into the 
CPB film, while negative bias corresponds to injection from the Au electrode into the CPB film. 
Voltages were typically swept between -1 V and +1 V over 10 seconds. For each CPB film, at 
least 20 devices were measured. From the I-V measurements, the zero-bias resistance value was 




CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 
5.1 Conclusions 
This work characterizes the initiation, morphology, structure, and charge transport in 
poly(3-methylthiophene) (P3MT) conjugated polymer brushes (CPBs). The CPB films were 
polymerized from aryl halide phosphonic acid monolayers (MLs) grown on indium tin oxide 
(ITO). The first step towards CPB growth was initiation of the ML film (i.e., pristine ML seeds) 
with a Ni or Pd catalyst. The structures and grafting density produced during ML initiation 
changed based on the metal center used in the catalyst, the ligands attached to the catalyst, and 
the chemical structure of the monolayer. Initiation of a previously studied monolayer (M-Br) 
with a Ni catalyst resulted in widespread disproportionation of the Ni catalyst during initiation. 
The disproportionated Ni species produced a low grafting density and appeared to be unviable 
towards growing the CPB film (i.e., dead ML seeds). The grafting density using the same Ni 
catalyst was significantly improved by using a ML with one less carbon, likely because the 
inserted ML seed structure was produced during initiation instead of disproportionated ML 
seeds. Initiation of M-Br with Pd catalysts also produced the disproportionated species, however 
the disproportionated Pd species yielded a high grafting density, unlike the disproportionated Ni 
catalyst. This result is contrary to previous reports that disproportionation always leads to dead 
ML seeds that cannot grow into polymers. The grafting density using any ML/catalyst 
combination for initiation was maximized when small ligands were attached to the Pd center, 
allowing the catalyst to pack more tightly on the pristine ML surface. 
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The growth of the polymer chains in P3MT CPB films exhibited three distinct regimes: 
the orientation of the polymer chains was nearly isotropic in films thinner than 10 nm and thicker 
than 30 nm, while the polymer chains adopted a slight vertical orientation in between. Early in 
film growth, the formation of columns was observed on the film surface. Analysis of the 
columns indicated that they exhibit a characteristic size and density that was independent of film 
thickness, whereas the column height distribution scaled with film thickness. The density of the 
P3MT CPB films remained constant throughout growth, and was identical to a spuncast poly(3-
hexylthiophene) (P3HT) film. 
Electrical conduction through the columns was studied in the ITO-CPB-Au devices, with 
the Au electrodes printed on top of the CPB films. The ML at the ITO-CPB interface introduced 
a large energetic barrier that prevented analytical modeling of charge transport in these devices. 
Analysis of the interface between the Au electrode and the CPB film was performed in order to 
address the deformation of the Au electrodes during device fabrication. After correcting for these 
effects by using a contact factor, the bulk resistivity along the columns in P3MT CPB films was 
100 times lower than the typical values for spuncast P3HT films. Furthermore, the resistance 
along individual P3MT polymer chains in the CPB films was comparable to the literature values 
for very short (≤ 10 nm) molecular wires. These findings strongly suggest the presence of 
enhanced intramolecular conduction along P3MT polymer chains in the CPB film. Thus, the 
P3MT CPB films are a promising platform to study the interplay among the synthetic conditions, 
film morphology and structure, and intramolecular charge transport phenomena in organic 
semiconductors. 
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5.2 Future work 
5.2.1 Synthetic expansion in conjugated polymer brush films 
In future studies, the synthesis of P3MT CPBs could be modified at every step. The 
resulting changes in morphology and charge transport could be correlated to form structure-
morphology-charge transport relationships. The simplest change in P3MT CPB growth is to 
dilute the halogenated pristine ML seeds, e.g., M-Br, with non-halogenated ML seeds, such as 
M-H (Scheme 5.1). M-H in the resulting mixed ML seeds cannot be initiated by the metal 
catalyst. By decreasing the fraction of M-Br compared to M-H in mixed ML seeds, conjugated 
polymer brushes grown from the mixed ML seeds will have a lower grafting density. A lower 
grafting density may lead to a less dense polymer brush with more horizontally oriented polymer 
chains, which will in turn affect charge transport through the film. 
Scheme 5.1. M-H in mixed ML seeds cannot be initiated. 
 
 
Preliminary results from P3MT CPB films grown from mixed ML seeds of M-Br and M-
H are shown in Figure 5.1. In the mixed ML seeds, the Br:P ratio increases linearly with the mol 
fraction of M-Br in the mixed ML seeds, as expected P3MT CPB films grown from the mixed 
ML seeds for 18 hours by the same protocol used in Chapter 3 show that the normal incident 
UV-Vis intensity decreases with a decrease in the mol fraction  of M-Br in the mixed ML seeds 
(Figure 5.1a), while the film thickness and dichroic ratio do not show a strong pattern (Figure 
5.1c, d). These results suggest that while the total amount of polymeric material in the CPB film 
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decreases as the grafting density decreases, the total volume taken up by the polymer and the 
orientation of the polymer does not change (i.e., the volume density is lower). Further 
characterization of CPB films polymerized from mixed ML seeds for various growth times – 
especially density measurements – are necessary to understand the underlying structure-property 
relationship in these films. 
 
Figure 5.1. Characterization of P3MT CPB films grown mixed ML seeds. CPB films were 
grown for 18 hours. (a) Normal incident UV-Vis absorbance spectra of P3MT CPB films. (b) 
XPS Br:P atomic ratios in mixed ML seeds. The red dotted line shows the expected 1:1 Br:P 
atomic ratio in the samples. (c) Thickness and (d) dichroic ratio of P3MT CPB films grown from 
mixed ML seeds, measured by scratch profilometry and polarized UV-Vis spectroscopy at 60° 
incident angle, respectively. Error bars represent the standard deviation of ≥ 3 measurements of 
the same CPB film. 
 
Based on results in Chapter 2, the Pd(PMe3)2 catalyst could also be used to grow P3MT 
CPB films with a higher grafting density than those grown using the bulkier Pd(PtBu3)2 catalyst. 
The resulting CPB films grown using Pd(PMe3)2 may have a higher volume density and more 
vertical average orientation. A wider library of ML structures could be explored as another 
relatively easy variable to manipulate that may affect P3MT CPB properties. Finally, subtle 
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synthetic parameters such as temperature and stirring were held constant in this report. Future 
work should explore the effect of these parameters, as well as the effect of thermal and solvent 
annealing, on P3MT CPB films. 
5.2.2 Charge transport measurements 
Two key charge transport experiments are missing from this report, which would 
strengthen the conclusions found above. First, a direct comparison of CPB devices to spuncast 
P3HT devices should be performed. Analysis of I-V behavior and resistivity in spuncast P3HT 
devices formed by the same KTP method used for P3MT CPB devices would provide stronger 
evidence of mobility and intramolecular charge transport enhancements in the P3MT CPB film. 
Second, extraction of charge carrier mobility in the P3MT CPB devices was not possible using 2-
terminal measurements. Future work could use current extraction by linearly increasing voltage 
(CELIV) to extract carrier mobility out of the P3MT CPB devices.197,198 In these measurements, 
the energetic barrier imposed by the monolayer may actually be helpful, as CELIV relies on 
extraction of intrinsic carriers instead of injection of carriers from the bottom electrode. 
5.2.3 Application of conjugated polymer brush films 
Using the knowledge gained from this report and the other future directions described 
above, P3MT CPB films could be used and understood much more effectively in a variety of 
applications. For example, the porous, rough P3MT surface morphology may be suitable for 
interpenetration of small molecules. An interpenetrated network using P3MT CPBs could be 
used in organic solar cells as a high efficiency and stable alternative to other bulk 
heterojunctions. P3MT CPBs could also be used to demonstrate ferromagnetic resonance, a key 
property in spintronics.199,200 Research studying these properties in P3MT CPBs and other 
poly(3-alkylthiophene)s has already shown that the conjugation length and torsion in poly(3-
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alkylthiophene)s plays a key role in determining spin diffusion length and ferromagnetic 
resonance damping (Figure 5.2). In these experiments, damping of the ferromagnetic resonance 
factor (α) is far stronger in P3MT CPB films than in spuncast regioregular or regiorandom P3HT 
(RRe-P3HT and RRa-P3HT, respectively) films, correlating to a shorter average conjugation 
length, more torsion, and shorter spin diffusion length in the P3MT CPB films.153  
 
Figure 5.2. Ferromagnetic resonance characterization of P3MT CPB and spuncast P3HT films. 
Damping factor (α) is plotted as a function of film thickness (ds) in P3MT CPB films, 
regioregular P3HT (RRa-P3HT), and regiorandom P3HT (RRe-P3HT). The horizontal error bars 
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